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FOREWORD 

This  report  was  compiled  by  the  Materials  Integrity  Branch,  Systems  Support 
Division,  Materials  Laboratory,  Air  Force  Wright  Aeronautical  Laboratories, 
Wright-Patterson  AFB,  Oh'o.  It  was  initiated  under  Task  24180704  "Corrosion 
Control  &  Failure  Analysis"  with  Fred  K.  Meyer,  Jr.  as  the  Project  Engineer. 
The  1987  Tri-Service  Conference  on  Corrosion  is  a  follow-up  of  eight  prior 
conferences  held  in  1967,  1969,  1972,  1974,  1976,  1978,  1900  and  1983. 

This  Report  (Vol  I,  Vol  II)  includes  all  available  papers  from  the  1987  Tri- 
Service  Conference  on  Corrosion. 

This  technical  report  was  submitted  by  the  editor. 

Proceedings  of  Prior  Conferences  are  available  in: 

1.  AFML-TR-67-329  (1967)  (AD  826-198} 

2.  MCIC  73-19  (1972)  (AD  771345) 

3.  AFKl-TR-75-42  Vol  1,  Vol  II  (1974)  (ADA  021053,  ADA  029934) 

4.  MCIC— 77 -33  (1976)  (ADO  49769) 

5.  MCIC-79-40  (1978)  (AD  A-  73054) 

6.  AFWAL-TR-81-4019  Vol  I,  Vol  2  (1980)  (ADA  106803) 

(ADA  115785) 

\  7.  1983  Tri-Service  Corrosion  Conference  Proceeding  Naval  Ship  R&D  Center 

A  Annapolis,  MD  20084. 

\l 

The  purpose  of  th^  1987  Conference  was  to  continue  interservice  Coordination 
in  ;he  areas  of  corrosion  research  and  corrosion  prevention  and  control. 
Specifically,  the  objectives  were  to  make  Department  of  Defense  personnel, 
contractors  and  interest  individuals  aware  of  the  important  Corrosion  problems 
in  Military  equipment,  to  present  the  status  of  significant  corrosion  research 
projects  currently  pursued  by  the  military  services  and  to  provide  a  general, 
forum  for  exchange  of  corrosion  prevention  and  control  information,  j* * *-•  * VJ 
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ABSTRACT 


This  program  focuses  on  the  need  tc  improve  the  resistance  of  high 
strength  steels  to  hydrogen  embrittlement  or  hydrogen  stress  cracking. 
Variations  in  heat  treatment  and  modifications  in  alloy  composition  of 
electroslag  remelted  4340  steel  at  53  HRC  were  extensively  explored.  Target 
goals  were  established  in  terms  of  threshold  stress  intensity  parameter,  and 
damage  tolerance  index.  In  general,  all  alloy  additions  improved  Klhem.  The 
addition  of  0.1%  vanadium  appears  to  be  the  most  significant  individual 
modification  to  ESR  4340  steel  in  that  it  alone  provides  the  same  gains  as  the 
more  heavily  alloyed  ESR  4340  steels.  The  results  must  be  somewhat  qualified 
because  the  hardness  of  ESR  4340V  was  50  HRC  instead  of  the  intended  53  HRC. 
Silicon  additions  of  about  1.5%  tended  to  maximize  the  benefits  from  alloy 
modifications.  Although  within  an  alloy  system  the  heat  treatment  effects 
were  minor  or  secondary  relative  to  alloy  additions,  the  use  of  an 
intermediate  quench  and  subzero  cooling  appeared  to  maximize  the  benefits  from 
heat  treatment.  Increasing  the  threshold  Klhem  was  not  directly  related  to 
tempering  temperature  as  anticipated.  Overall,  Klhem  was  increased  from  10 
ksi  SQR (in.)  to  a  maximum  value  of  about  15  ksi  SQR(in.).  Other  improvements 
must  be  based  on  nonconventional  approaches  to  thermal  processing. 

1.0  INTRODUCTION 

Bal T i st i cal ly  resistant  advanced  helicopter  steel  components  can  use 
either  high-strength  or  high -hard ness  (53HRC)  ESR-steels,  or  pay  a  weight 
penalty  and  use  thicker,  lower-hardeness  (43HRC)  ESR-steels.  Reoccuring 
hydrogen  embrittlement  problems  in  fracture  critical  members  is  the  reason 
many  designers  are  making  this  change  and  paying  the  weight  penalty.  Because 
of  the  extensive  use  of  high-strength  steels  in  current  designs,  the  solution 
of  going  to  lower-strength  steels  has  limited  viability,  until  the  weight 
penalty  becomes  too  severe.  These  weight  penalties  can  only  be  avoided  by 
improving  the  hydrogen  embrittlement  resistance  of  high-strength  or 
high-hardness  (53+1HRC)  ESR  4340  steel. 
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The  susceptibility  to  hydrogen  assisted  stress  cracking  or  hydrogen 
embrittlement  is  often  measured  in  terms  of  a  threshold  stress  intensity 
parameter  under  conditions  of  stress  corrosion  cracking,  KIscc.  Implied  is 
testing  under  conditions  of  an  open  circuit  potential  in  an  aqueous  solution. 
During  test,  cathodic  charging  conditions  are  used  that  represent  conditions 
of  galvanic  coupling  often  found  in  a  service  environment.  A  -1,2V  potential 
is  applied  that  simulates  the  sacrificial  anodes  of  a  zinc  coating  on  steel. 
Because  of  this  difference,  the  threshold  stress  intensity  parameter  under 
conditions  that  produce  hydrogen  embrittlement  is  designated  as  Klhem  for  the 
purpose  of  this  report.  Under  these  conditions,  atomic  hydrogen  is  produced 
on  the  surface  while  the  sample  is  under  stress. 

Other  authors  report  the  data  as  KIscc  as  a  function  of  potential,  but 
enough  data  exists  to  support  the  contention  that  they  shoud  be  treated 
separately.  Often  KIscc  and  Klhem  are  identical,  but  other  times  the 
difference  is  significant  enough  to  influence  alloy  selection,  as  will  be 
illustrated  in  this  report. 

The  objective  of  this  program  is  to  find  an  alloy  modification  or  heat 
treatment  that  would  increase  the  resistance  to  hydrogen  embrittlement  or  the 
hydrogen  stress  cracking  thresholu  of  ESR  4340  steel  at  53HRC.  Quantitatively, 
in  terms  of  the  threshold  stress  intensity  parameter  for  hydrogen  assisted 
stress  cracking  (Klhem),  the  goals  can  be  identified  from  the  results  on  a 
split  heat  of  4340  steel  (Ref  1),  where  one  half  the  ingot  was  vacuum  arc 
remelted  (VAR)  and  the  other  half  was  electroslag  remelted  (ESR). 

Schematically  the  measured  threshold  stresc  intensity  results  for  hydrogen 
stress  cracking,  recently  presented  at  a  Sagamore  conference  (Ref  2)  are 
listed  in  the  following  table  illustrating  projected  improvements  from  10  to 
43  ksi.  SQR  (in)  as  the  hardness  is  dropped  and  VAR  is  used  instead  of  ESR. 

THRESHOLD  STRESS  INTENSITY,  Klhem 

53HRC  43HRC 

ESP  >  VAR  z.L>  £SR  -Z>  VAR 

10  -  -  >  15  -  -  >  29  -  -  >  43 


2„0  TECHNICAL  APPROACH 

It  is  the  intent  of  this  program  to  use  a  selected  group  of  commercially 
available  alloy  ESR  4340  type  steels  that  have  been  relatively  well 
characterized  to  address  the  use  of  alloy  modifications  or  heat  treatment  to 
improve  the  resistance  to  hydrogen  assisted  stress  cracking  instead  of  melting 
special  heats  of  steel.  A  matrix  of  five  materials  and  four  heat  treatment 
conditions  were  used  to  evaluate  the  problem. 

The  five  materials  represent  two  basic  alloy  steel  modifications:  (1) 
increased  silicon  additions,  and  (2)  increased  amounts  of  carbide  formers  to 
affect  the  secondary  hardening  characteristics. 
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Alloying  additions  were  considered  because  their  general  effect  is  to  require 
a  higher  temperature  for  a  given  holding  time  to  secure  a  given  hardness,  thus 
potentially  permitting  a  greater  stress  relief,  when  compared  to  conventional 
carbon,  quenched  and  tempered  steels.  The  generic  guideline  being  evaluated 
was  that  higher  tempering  temperatures  produce  increased  resistance  to  stress 
corrosion  cracking  for  the  same  hardness  level  of  a  tempered  martensitic 
steel . 

Modifications  in  silicon  were  selected  to  represent  non-carbide  forming 
alloying  elements.  Increased  amounts  of  silicon  are  known  to  improve  the 
resistance  of  a  quenched  steel  to  softening.  Amounts  varying  from  as  much  as 
°G,5%  to  2.0%  have  been  shown  to  increase  the  hardness  after  tempering  by  as 
much  as  4HRC. 

Therefore,  three  of  the  five  steels  selected  represent  one  grouping 
designed  to  illustrate  the  effect  of  increased  amounts  of  silicon  from  0.25%, 
to  1.5%  to  2.5%.  Conventional  alloy  steels  of  ESR  4340  (baseline),  ESR  4340M 
or  ESR  300M,  and  the  new  ESR  HP31Q  alloy  steels,  respectively,  were  used  to 
represent  this  variation  in  silicon  content. 

The  presence  of  appreciable  amounts  of  strong  carbide  forming  elements, 
such  as  chromiun,  molybdenum  or  vanadium  may  cause  softening  to  be'  retarded, 
or  may  result  in  an  actual  increase  in  hardness  when  tempered  over  a  certain 
range  of  temperatures.  This  "secondary  hardening"  effect  should  provide  a 
greater  hardness  for  a  given  tempering  temperature  than  would  be  obtained  with 
a  lower  alloyed  steel  (such  as  4340  steel).  Therefore,  a  second  grouping 
reflects  an  increase  in  the  amount  of  carbide  formers  from  the  conventional 
ESR  4340  to  ESR  4340V  that  has  an  additional  amount  of  0.1%  vanadium.  The 
third  ESR  steel  in  this  group  is  comercially  designated  as  D6Ac  steel.  In 
addition  to  the  0.1%  vanadium  D6Ac  also  has  an  increase  in  the  carbide  formers 
of  chromiun  and  molybdenum,  with  a  concurrent  decrease  in  the  amount  of 
nickel.  The  increase  in  molybdenum  is  almost  negated  by  the  decrease  in 
nickel,  when  the  effective  resistance  to  softening  of  these  alloying  elements 
is  compared. 

Four  heat  treat  conditions  were  evaluated  to  address  the  effect  of 
altering  either  the  residual  stress  or  the  amount  of  retained  austenite,  which 
might  in  turn  further  affect  the  resistance  to  hydrogen  assisted  stress 
cracking.  In  addition  to  the  normal  quenched  and  tempered  heat  treatment, 
marquenching  was  used  as  an  alternative  design  to  reduce  the  amount  of 
residual  stress.  Since  this  delayed  quenching  treatment  might  also  increase 
the  amount  of  retained  austenite,  a  liquid  nitrogen  quench  was  used  as  a 
subzero  cooling  treatment  to  complete  the  austenite  to  martensite 
transformation.  This  treatment  was  applied  as  an  alternative  to  both  the 
conventional  and  marquench  heat  treatments.  Retained  austenite  as  a  factor 
that  inhibits  or  accelerates  hydroyen  assisted  stress  cracking  has  not  been 
clearly  established. 

Abnormal  quantities  of  retained  austenite  are  affected  by  the  combined 
action  of  increasing  alloying  content,  and  an  excessively  high  quenching 
temperature.  It  should  also  be  recalled  that  coarse  grain  and  the  presence  of 
austenite  stabilizing  elements,  such  as  nickel  and  manganese,  also  favors  the 
retention  of  austenice. 


transformation  of  retained  austenite  upon  tempering  at  a  given  temperature 
will  be  in  accordance  with  the  isothermal  transformation  at  that  temperature 
level.  Treatments  to  reduce  residual  stresses  tend  to  increase  the  amount  of 
retained  austenite. 

This  program  addresses  the  factors  affecting  susceptibility  to  hydrogen 
stress  cracking  not  from  a  completely  research  mechanistic  analysis,  but  from 
a  screening  survey  type  program  to  identify  significant  processing  parameters. 

3.0  EXPERIMENTAL  PROCEDURES 

3.1  Equi pment :  Instead  of  the  conventional  test  method  to  determine  the 
threshold  T<Them,  a  modified,  low-cost  technique  was  employed.  The 
proposed  method  uses  the  rapid  inexpensive,  modular  (RIM)  SCC-testing 
system.  Only  a  maximum  of  five  Charpy-sized  specimens  are  required  to 
obtain  messurment  of  KIscc  instead  of  13  or  more  large  size  cantilever 
beam  or  wedge  opening  load  (WOL)  specimens,  conventionally  used  to  obtain 
one  measurement  of  theshold  KIscc  or  Klhem,  as  per  our  designation. 

The  time  of  test  is  also  8-hrs  for  the  RIM  SCC-testing  system  as  compared 
to  as  many  as  5,000  hrs  per  run-out  on  a  conventional  cantilever  beam  or 
WOL  test. 

3.2  Specimens:  Charpy-sized  specimens  will  be  used  in  all  cases.  The 
RIM  "SCC-tesl  method  is  described  in  Ref.  3.  The  paper  provides 
background  detail  of  the  test  method  utilized  to  minimize  program  cost. 

A  machined  (crush  ground)  notched  surface  was  used  instead  of  a  fatique 
precracked  notch.  The  depth  of  the  notch  was  2mm  (0 . 078i n . ) .  The  root 
radius  was  about  0.1mm  (3-4m1 Is).  A  300F  stress  relief  was  employed 
immediately  after  ail  grinding  operations. 

The  test  specimen  orientation  was  LT  in  all  cases.  As  per  ASTM  E399,  the 
specimen  orientation  is  designated  by  two  letters  with  the  first  letter 
(L)  designating  the  direction  of  the  normal  to  the  crack  plane  and  the 
second  letter  (T),  designating  the  crack  direction,  where  L,  T  and  S 
(short  transverse)  are  tne  orthogonal  directions  of  the  ingot. 

3.3  Test  Methods:  To  measure  Klhem  with  the  RIM  SCC-testing  system,  one 
specimen  is  loaded  to  fracture  to  obtain  the  maximum  fracture  load.  If 
the  fracture  load  is  less  than  the  ultimate  tensile  strength  of  the 
material  in  magnitude;  i.e.,  2501b  for  a  250ks i  steel,  then  the  specimen 
is  fracture  toughness  critical.  The  full  scale  load  on  the  chart  is  then 
adjusted  to  be  slightly  more  than  the  fracture  load. 

A  second  specimen  is  then  placed  in  a  hydrogen  producing  environment, 
which  is  a  3.5%  salt  water  solution  maintained  at  -1.2  volts  vs  a 
saturated  calomel  electrode.  Conventionally,  the  specimen  is  then 
step-loaded  until  crack  initiation  occurs.  Initial  step-loads  of  50,  65, 
75,  80,  85,  90,  95,  and  100%  of  the  fracture  load  are  used.  The  specimen 
is  held  for  one  hour  at  each  step.  A  third  specimen  is  then  used  to 
refine  the  value  of  the  crack  initiation  load,  Pi;  for  example,  if  the 
second  specimen  initially  cracked  at  75%  of  the  fracture  load,  then  to 
more  accurately  measure  the  crack  initiation  load,  step-loads  of  50,  65, 
68,  70,  72,  74,  76  and  78%  are  used. 


The  threshold  Klhem  is  then  estimated  as  three  tenths  of  the  initiation 
load,  Pi. 

Since  five  specimens  did  not  exist  for  each  test  condition,  the  applied 
step-loads  were  modified  for  this  program.  A  large  number  of  small  step 
increments  were  used  with  the  limited  number  of  samples  available.  The  fewer 
the  samples,  the  smaller  the  increments;  the  larger  the  number  of  steps,  the 
longer  the  duration  of  the  test,  which  is  equivalent  to  decreasing  the  strain 
rate  in  a  slow  strain  rate  ^ensile. 

Fracture  toughness  per  ASTM  E399  can  be  measured  either  by  conventional 
slow  strain  rate  techniques  to  measure  KIc  or  dynamically  with  an  instrumented 
impact  test  machine  to  measure  the  dynamic  fracture  toughness.  Kid.  Once 
crack  initiation  occurs  or  Pi  is  measured,  the  crack  can  be  extended  by 
fatigue  to  a  crack  depth  ratio  of  one-half.  To  insure  specimens  were  free  of 
hydrogen,  they  were  baked  prior  to  fatigue  precracking. 

4.0  RESULTS 

The  Klhem  results  as  a  function  of  heat  treatment  (ultimate  tensile 
strength)  are  plotted  in  FIG.  1.  The  target  tensile  strength  range  has  been 
shaded. 


UTS  (Ksi) 


♦  4340 
O  4340V 
■  4340M 
□  HP310 
A  D6Ac 


FIG.  1  Threshold  Klhem  vs  Ultimate  Tensile  Strength. 

Klhem,  KIc  and  UTS  are  plotted  in  FIG.  ?.,  An  overlay  of  tensile 
strength  illustrates  the  sensitivity  of  KIc  and  Klhem  to  this  parameter.  The 
results  are  positioned  to  rank  the  steels  in  order  of  increasing  resistance 
to  HEM  from  left  to  right. 
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ESR  ALLOYS 


■  Kl-hem 
□  Klc 
UTS 


AVG  UTS 
(ksi) 


FIG.  2  Relative  measures  of  Klhem  and  Klc  for  each  alloy  with 
corresponding  Ultimate  Tensile  Strength. 

FIG.  3  contains  a  plot  of  all  of  the  test  results.  Superimposed  is  the 
trend  line  (TL)  maximum  and  (TL )  minimum  taken  from  the  ratio  analysis 
diagram  (RAD)  developed  by  Fellini  (Ref.  4). 
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FIG.  3  Klhem  and  KIscc.  vs  Ultimate  Tensile  Strength, 
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Interestingly,  the  variation  in  results  of  this  program  encompass  the  min-rr.ax 
range  shown  in  the  RAD.  This  observation  suggests  that  the  scatter  in  the  RAD 
to  a  Targe  degree,  reflects  differences  in  test  methods.  It  should  be  noted 
the  TLmax  for  SCC  from  the  RAD  coincides  with  the  KIscc  or  open  circuit 
(-0.6 V  vs  SCE)  test  results;  whereas,  TLmin  for  SCC  from  the  RAD  coincides 
with  the  Klhem  or  -1.2V  vs  SCE  test  results.  The  shaded  area  identifies  the 
target  tensile  strength  range.  The  program  goal  is  to  increase  KIscc  from  a 
low  value  of  about  10  ksi  SQR(in)  to  TLmax.  The  horizontal  bar  at  I7ksi 
SQR(in)  reflects  the  maximum  achievements  of  this  program. 

'  4.1  DTI  Ratio  Analysis:  The  ratio  of  the  critical  stress  intensity  for 
fracture  (KIc)  or  for  sustained  load  subcritical  crack  growth  in  an 
environment  (KIscc)  to  the  yield  strength  (YS)  is  an  index  of  damage 
tolerance  (DTI)  because  it  is  related  to  a  critical  crack  size  for 
fracture  or  environmentally  assisted  cracking.  In  turn,  the  DTI-ratio  is 
related  to  the  level  of  nondestructive  testing  required  for  quality 
assurance. 

As  an  example,  for  a  center  cracked  panel  the  critcal  crack  size  (a  )  is 
given  by:  c 

a„  =  0.25  o  FS^  o  DTI-ratio^ 
c 

where  FS  =  Factor  of  Safety  or  Yield  Strength  divided  by  the 
applied  stress. 

and  DTI-ratio  =  KIc  of  KIscc/Yield  Strength  (YS) 


Obviously,  as  the  factor  of  safety  or  DTI-ratio  increase,  the  critical 
crack  size  increases,  both  for  fracture,  when  KIc  is  used  or  for 
environmentally  assisted  cracking,  when  KIscc  is  used  in  the  above  equation. 

The  region  of  interest  in  the  RAD  diagram  is  above  200ksi  yield,  or  a 
zone,  intersecting  with  a  DTI-ratio  for  fracture  at  unity  or  KIc  =  YS.  The 
following  information  can  be  extracted  from  the  RAD  diagram  if  the  estiamte 
that  YS  +  40ksi  =  TS  (Tensile  Strength)  is  used. 


CRITERIA 

UTS  =  > 
YS  =  > 

240 

200 

260 

220 

280 

240 

300  ksi 

260  ksi 

Fracture  (TL-F) 

KIc  DTI-ratio 

1.0 

31.6 

0.7 

22.1 

0.5 

15.8 

0.4  SQR(in) 
12.6  SQR(mil) 

(TL-scc) 

0.7 

0.3 

0.15 

0.12  SQR(in) 

Env  DTI-ratio 

22.1 

9.5 

4.7 

3.8  SQR(mil) 

K I SCC /KIC 

(TL-scc)/(TL-F) 

70 

43 

30 

30  % 

*  For  100%  structural  integrity,  a  proof  test  is  required  when  ac  < 
.050in  or  DTI  >  1  /  (2FS ) . 
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4-2  DTI -ratio:  Using  the  previous  Table  as  a  guideline  to  give 
perspective  to  the  program  and  establish  target  properties,  the  foilwing 
comparisons  can  be  made  with  regard  to  properties  measured  on  the  ESR 
steels  tested  in  this  program. 

With  regard  to  fracture  toughness,  proposed  research  programs  on 
innovations  to  high-strength  steel  technology  have  cited  DTI-ratio  goals 
of  120/300  (TS)  =  120/260  (YS)  =  0.4SQR(in)  and  60/350  (TS)  =  60/310  (YS) 
-  0 . 2SQR (in).  These  goals  are  consistent  with  the  RAD  for  they  fall  on 
the  TL-Fmax  curve. 

Our  target  tensile  properties  are  280+10kis  or  about  24Gksi  yield  (YS), 
converted  from  53+1HRC.  From  the  RAD,  the  maximum  DTI-ratio  for  fracture 
is  about  0.5SQR(in)  ?.t  TL-Fmax. 

The  measured  properties  are  nominally  50/240  or  about  0.2SQR(in)  or  40% 
TL-Fmax,  FIG.  4  is  a  plot  of  all  measured  test  results. 


TL-F,  SQR(mil) 


31.6  22.1  15.8  12.6 


■  4340  ESR 
o  4340V  ESR 
A  4340M  ESR 
A  HP310  ESR 
x  D6Ac  ESH 
•  4340  Split  Heat 

CCD  A/A  □ 

fc-wi  1/  *»  t 


FIG.  4  Average  fracture  DTI-ratio  vs  Ultimate  Tensile  Strength. 

With  regard  to  stress  corrosion  or  in  our  case,  hydrogen  embrittlement, 
the  target  DTI-ratio  is  0,15SQR(in)  or  4. 7SQR (mi  1 )  from  the  RAD  TLmax-scc 
curve.  The  measured  properties  averaged  0.05  to  0.06SQR(in)  or  1.8  to 
2.0SQR(mil)  or  about  35%  TLmax-scc.  FIG.  5  is  a  plot  of  all  measured 
test  results. 


10 


ENVIRONMENTAL  DTI  SQR(mil) 


TL-SCC,  SQR(mil) 


22.1  95  4.7 


■ 

4340  ESR 

a 

4340V  ESR 

▲ 

4340M  ESR 

A 

HP310  ESR 

X 

D6Ac  ESR 

♦ 

4340M  VAR 

0 

HP310  VAR 

— 

4340  Split  Heat 
ESR 

4340  Split  Heat 
VAR 

FIG.  5  Average  envi ronmental  DTI-ratio  vs  Ultimate  Tensile  Strength. 


FIG.  6  contains  average  DTI-ratio  and  UTS  for  five  ESR  4340  alloy  steels 
positioned  in  order  of  increasing  resitance  to  hydrogen  stress  cracking. 
The  shaded  band  identifies  the  target  tensile  properties  with  4340V 
slightly  below  minimum. 


ESR  ALLOYS 


0  DTI-hem 
□  DTI-air 
UTS 


FIG.  6  Relative  measures  of  DTI-hem  and  DTI-air  ratios  for  each 
alloy  with  Ultimate  Tensile  Strength.  DTI  in  units  of  SQR(mil)  = 
(10  i,s)  SQR  (in)  =  31.6  SQR  (in) 
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With  regard  to  the  ratio  of  (KIscc  or  KIhem)/KIc,  a  target  value  is  30% 
based  on  TLmax  values.  The  measured  properties  are  about  24%  for  ESR 
4340,  21%  for  carbide  formers,  and  30%  for  silicon  additions,  primarily 
reflecting  variations  in  KIc. 

5.0  SUMMARY 

An  increasing  number  of  hydrogen  embrittlement  failures  in  ESR  4340 
steel  at  about  53HRC  has  created  a  need  to  improve  the  resistance  of  this 
alloy  steel  to  hydrogen  stress  cracking.  This  program  was  designed  to 
illustrate  the  effectiveness  of  alloying  and  heat  treatment  on  commerical 
alloys  (all  ESR)  that  were  selected  to  represent  one  group  of  steels  with 
increasing  silicon  content  and  another  group  with  increasing  carbide 
formers.  The  basis  for  this  selection  was  the  contention  that  alloying 
can  raise  the  tempering  temperature  required  to  produce  a  given  hardness 
and  thus  provide  more  stress  relief.  This  effect  was  not  found  to  be  true. 
Above  500F,  a  decrease  is  observed. 

The  objective  of  this  program  was  quantified  by  attempting  to  reach  a 
threshold  stress  intensity  level  measured  with  vacuum  arc  remelted  steels 
at  the  same  hardness  level;  i.e.,  raise  Klhem  from  10  to  1 5k s i  SQR  (in). 
From  this  point  of  view,  success  was  only  with  4340M  at  300ksi  and  D6Ac  at 
250ksi  UTS. 

Results  show  that  only  slight  modifications  in  chemistry,  such  as  the 
addition  of  0.1%  vanadium,  can  sigificantly  help  to  attain  the  desired 
vandium  goal.  Use  of  1.5%  silicon  (4340M,  which  also  has  0.1%V)  showed 
the  best  promise.  Increasing  the  silicon  to  2.5%  (HP310)  did  not  perform 
any  better,  although  both  alloy  steels  performed  better  than  those  with 
additional  carbide  formers.  The  gains  with  the  carbide  formers  were 
ususally  at  a  sacrifice  in  strength.  The  suggestion  is  that  the  strength 
is  a  more  significant  variable  than  the  use  of  a  higher  tempering 
temperature. 

This  program  represents  a  rather  exhaustive  study  that  clearly  illustrates 
the  difficulty  in  generating  a  major  advancement  such  as  raising  the 
threshold  level  to  30-4Gksi  SQR(in)  as  with  ESR  or  VAR  4340  steel  at 
43HRC.  The  program  also  clearly  illustrates  significant  differences  in 
stress  corrosion  testing  under  an  open  circuit  potential  (KIscc)  as 
compared  to  testing  in  a  cathodical'ly  charged  hydrogen  producing 
environment,  Klhem,  which  is  defintely  more  severe.  This  last  observation 
suggests  that  caution  be  exercised  in  using  stress  corrosion  test  results 
for  design  purposes  unless  the  test  conditions  are  clearly  scrutinized. 
Additional  information  related  to  this  program  may  be  obtained  in  REF  5, 
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6.0  CONCLUSIONS 


A  large  number  of  possibl i 1 ities  (five  ESR  type  4340  alloy  steels  and 
four  heat  treatments)  were  examined  to  illustrate  that  improvements  in  the 
resistance  of  ESR  4340  steel  at  280+lQksi  ultimate  tensile  strength,  to 
hydrogen  embrittlement  are  small  with  conventional  variations  in  heat 
treatment  such  as  subzero  cooling  and  marquenching.  At  best,  Klhem 
increases  to  15Ksi  SQR(in)  from  lOksi  SQR(in)  are  obtained,  A  threshold 
of  fifteen  corresponds  to  a  value  measured  from  a  split  heat  of  vacuum  arc 
remelted  steel  at  the  same  strength  or  hardness  (53+1HRC)  level. 

Silicon  additions  of  1.5%  ESR  4340  steel  (300M  or  4340M)  are  mere 
effective  than  increasing  carbide  formers,  especially  if  the  strength  is 
to  be  maintained.  Additional  amounts  of  silicon  to  2.5%  (HP310)  did  not 
add  further  improvement  to  KIscc  at  this  lower  strength  level.  HP310 
steel  was  designed  for  use  at  310ksi  ultimate  tensile  and  therefore  should 
also  be  evaluated  at  this  strength  level. 

No  direct  correlation  to  tempering  temperature  could  be  established. 
Similarly,  no  distinct  advantage  was  found  with  marquenching  to  reduce  the 
severity  of  the  quench  or  varying  the  amount  of  retained  austenite  by 
subzero  quenching.  Although,  in  general,  the  least  resistant  condition  of 
the  alloy  steels  to  hydrogen  embrittlement  appears  to  be  with  a 
conventional  quench  and  temper  heat  treatment. 

The  conclusion  from  observations  related  to  the  DTI-ratio  is  that 
there  is  room  for  improvement  in  raising  KIscc  or  Klhem  to  lL-maxscc,  and 
also  in  raising  KIc  to  TL-Fmax.  Focusing  on  alloy  and  heat  treatment 
modifications  that  improve  fracture  toughness  will  not  necessarily  produce 
concomitant  increases  in  resistance  to  hydrogen  assisted  stress  cracking. 
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ABSTP-VCT 

When  polyitaconic  acid  (PIA)  raacromolecules  are  applied  as  water-soluble  pri¬ 
mers  in  polyurethane  (PU)  adhesivfe/ aluminum  adherend  joint  systems,  they  interact 
preferentially  with  the  hydrated  oxide  aluminum  to  form  hydrogen  bonds,  and  with 
the  isocyanate  groups  in  the  adhesive  to  yield  polymer-to-polyraer  chemical  bonding. 
This  chemical  coupling  between  the  adhesive  and  adherend  acts  significantly  to  pro¬ 
mote  interfacial  adhesive  bonds.  The  arrangement  of  a  near  monolayer  of  PIA  inter¬ 
mediate  film  plays  a  key  role  in  governing  the  adhesion  durability  of  the  joint 
system  and  the  corrosion  resistance  of  the  aluminum  upon  exposure  to  corrosive 
fluids.  The  bond  stability  and  the  corrosion  resistance  are  due  primarily  to 
the  formation  of  interfacial  reaction  products  which  are  less  susceptible  to 
hydrolysis. 


INTRODUCTION 


The  results  from  investigations  to  determine  the  nature  of  interfacial  inter¬ 
actions  which  play  key  roles  in  promoting  adhesive  bonding  and  in  improving  adhe¬ 
sion  durability  at  interfacial  contact  zones  in  PU  adhesive/ polyacrylic  acid  (PAA) 
primer/ FPL-etched  aluminum  (Al)  adherend  joint  systems,  have  been  reported  (1).  It 
was  concluded  that  a  near  monolayer  thickness  of  an  intermediate  PAA  primer  film 
should  be  applied  as  a  means  of  occupying  all  of  the  available  functional  groups  at 
the  PU  adhesive  and  Al  adherend  sites.  The  primer  preferentially  Interacts  both 
with  the  hydrated  oxide  of  the  Al  adherend  to  form  hydrogen  bonds,  and  with  the 
isocyanate  groups  in  the  PU  to  yield  polymer- to- polymer  chemical  bunding.  The 
chemical  crosslinking  resulting  from  the  thin  PAA  film  played  a  significant  role  in 
promoting  interfacial  adhesive  bonds  and  improved  adhesion  durability  in  the  joint 
systems. 

When  the  crosslinking  nature  and  the  interplay  of  polycarboxylic  acids  were 
considered  on  theoretical  grounds,  it  was  presumed  that  PIA  raacromolecules  which 
have  two  functional  carboxylic  acid  pendant  groups  combined  to  the  same  backbone 
carbon  atom  would  be  a  more  effective  crosslinking  material  than  PAA  which  contains 
a  single  functional  group.  The  present  of  a  PIA  intermediate  monolayer  will  also 
improve  the  adhesion  bond  and  its  durability  at  PU/PIA/A1  interfacial  joints. 
Therefore,  the  present  study  is  to  report  the  continuing  investigations  of  the 
crosslinking  nature  and  the  role  of  the  PIA  intermediate  layer  in  the  PU-to-Al 
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joint  systems.  Emphasis  was  placed  on  the  Interface  between  the  carboxylic  acid 
groups  of  PIA  and  the  PU  adhesive  or  Al  adherend.  In  addition,  the  nature  of  the 
Interface  produced  by  intermolecular  reactions  was  studied  to  determine  Its  role  In 
the  corrosion  resistance  of  aluminum  upon  exposure  to  corrosive  fluids* 

Materials 


The  aluminum  used  In  the  experiments  was  2024-T3  clad  aluminum  (Al)  sheet  con¬ 
taining  the  following  chemical  constituents:  92  wt%  Al,  0,5  wt%  Si,  0.5  wt%  Fe, 

4.5  wt%  Cu,  0.5  wt%  Mg,  0.1  wt  %  Cr,  0.25  wt%  Zn,  and  0.15  wt%  other.  The  oxide 

etch  of  the  Al  was  prepared  in  accordance  with  a  well  known  commercial  sequence 

called  the  Forest  Products  Laboratory  (FPL)  process.  As  the  first  step  in  the  pre¬ 
paration,  the  surfaces  were  wiped  with  ace  tone- soaked  tLssues  to  remove  any  organic 
contamination.  They  were  then  immersed  in  chromic-sulfuric  acid  (^20^07 •  2H2O  : 

H2SO4  :  Water  =  4  :  23  :  73  by  wight)  for  10  min  at  80°C.  After  etching,  the 

oxide  surfaces  were  rinsed  with  deionized  water  at  25 °C,  and  subsequently  dried  for 
approximately  15  min  at  50,C.  For  the  purpose  of  comparison  with  the  PIA  macro- 
molecule  used  as  a  crosslinking  primer,  three  water-soluble  polymers,  polystyrene- 
sulfonic  acid  (PSSA),  polyacrylamLde  (PAM),  and  polyvinylpyrolidone  (PVP) ,  were 
also  employed.  All  of  these  macromolecules  having  an  average  molecular  weight  in 
the  range  of  40,000  to  120,000,  were  dissolved  in  water  to  prepare  a  0.05  to  1.0% 
polymer  solution.  In  order  to  deposit  these  polymer  films  on  the  FPL-etched  Al 
surfaces,  the  Al  substrates  were  immersed  for  5  min  in  the  polymer  solutions  at 
25 °C,  and  then  dried  in  an  oven  at  150°C  for  30  min.  PU  resin  was  applied  as  an 
elastomeric  topcoating.  Polymerization  of  the  PU  was  Initiated  by  incorporating  a 
50%  amine  curing  agent. 


RESULTS  AND  DISCUSSION 


The  thickness  of  the  primer  film  deposited  on  the  adherend  surfaces  was  deter¬ 
mined  using  auger  electron  spectroscopy  (AES)  in  the  same  manner  as  was  described 
in  our  earlier  paper  (1).  The  average  thickness  of  the  films  prepared  using 
macromolecule  concentrations  of  up  to  1.0%  ranged  from  approximately  1.0  to 
approximately  50  nm.  With  all  of  the  macroraolecular  species  used  in  this  study,  a 
concentration  of  <0.1%  produced  a  film  thickness  <4nm.  The  use  of  a  0.05%  macco- 
molecule  concentration  produced  a  near  monolayer. 

The  polyurethane  (PU)  adhesive  was  placed  onto  the  adherend  surface  that  was 
covered  with  the  macromolecule  primer,  and  the  PU-coated  adherend  specimens  were 
then  subjected  to  a  0.1  M  NaOH  solution  at  80°C  for  24  hr.  All  the  edges  on  the 
adhesive/ primer/ adherend  joints  were  left  unprotected  in  order  to  evaluate  the 
degree  of  susceptibility  of  the  interfacial  bonding  nature  to  the  hot  ..lkaline 
solution.  This  evaluation  was  accomplished  on  the  basis  of  data  obtained  from  180° 
peel  strength  tests  performed  before  and  after  exposure.  Some  of  these  data  are 
shown  in  Figure  1 ,  as  a  function  of  macromolecule  concentration  in  the  aqueous 
solution  applied  on  the  treated  Al  surface.  The  strength  value  represents  the 
average  of  three  measurements  made  for  each  primer  concentration. 
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Figure  1.  Peel  strength  as  a  function  of  primer  concentration  for  PU/PIA/A1  (o), 
/PVP/  (•),  /PAM/  (□) ,  and  /PSSA/  (A)  joint  systems  before  and  after 
exposure  for  30  hr  to  hot  alkali  at  80°C. 


As  seen  in  Figure  1,  the  peel  strength  of  the  unexposed  PU/A1  control  speci¬ 
mens  prepared  without  the  use  of  primers,  was  increased  by  more  than  three  times 
when  a  PIA  intermediate  primer  layer  was  applied.  When  a  primer  concentration  of 
only  0.05?.  was  used,  no  peeling  occurred,  and  a  strength  of  at  least  8.7  KN/m  was 
attained.  This  value  appeared  independent  of  the  primer  concentration.  In  con¬ 
trast,  the  use  of  PVP,  PSSA,  and  PAM  primers  was  less  effective.  For  PVP  systems, 
the  use  of  a  primer  concentration  of  0.05%  increased  the  strength  by  approximately 
90%,  and  this  value  also  appeared  to  be  independent  of  concentration.  However,  the 
strengths  for  both  the  PAM  and  PSSA  joint  systems  are  dependent  upon  the  primer 
concentration.  Increases  in  strength  were  attained  when  concentrations  of  up  to 
0.05%  were  used,  but  further  additions  resulted  in  strength  reductions.  These  can 
be  attributed  to  the  weakness  of  the  primer  films. 
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When  the  joint  specimens  were  exposed  to  a  hot  alkali  solution,  the  strength 
of  the  control  specimen  dropped  dramatically  to  a  value  of  0.05  KN/m,  a  reduction 
of  93%  from  its  original  strength.  A  partial  separation  of  the  PU  film  from  the  A1 
surface  was  visually  observed. 

The  durability  of  FlA-primed  joint  systems  depended  mainly  on  the  PIA  concen¬ 
tration.  The  deposition  of  a  thin  PIA  film  (approximately  1.0  ran  thickness)  deriv¬ 
ed  from  the  addition  of  a  0.05%  concentration,  resulted  in  a  strength  reduction  of 
only  22%.  The  addition  of  0.5%  PIA  which  corresponds  to  a  film  thickness  of 
approximately  8.5  nm,  resulted  *n  a  strength  retrogression  of  approximately  80%. 
Further  strength  retrogression  was  noted  when  a  1.0%  concentration  (approximately 
50  nm  thickness)  was  used.  The  possible  reason  for  the  strength  reduction  is 
hydrolytic  dissolution  of  the  PIA  layer  which  contains  abundant  residual  hydro¬ 
philic  carboxylic  acid  (C0CH)  groups.  This  leads  to  the  conversion  of  the  primer 
from  the  solid  state  into  a  gel  state,  resultlrg  in  Increased  water  absorption, 
penetration,  and  swelling  phenomena  at  the  interfacial  region,  and  ultimately 
failure.  It  is,  therefore,  obvious  that  the  poor  durability  of  the  adhesion  bonds 
is  due  to  tailure  of  the  primer.  From  these  observations,  it  can  be  concluded  that 
the  formation  of  a  thin  film  of  a  near  monolayer  thickness  would  be  much  less  sus¬ 
ceptible  to  hydrolysis  because  of  the  presence  of  fewer  free  hydrophilic  groups  in 
the  intermediate  layers.  In  this  case,  most  of  the  C00H  groups  in  the  monolayers 
would  chemically  react  with  the  available  reactive  groups  occupying  the  outermost 
interfacial  sites  on  both  the  PL'  and  Al,  and  the  progression  of  this  interfacial 
reaction  would  contribute  to  the  transformation  from  a  hydrolytically  unstable 
interface  to  a  staole  one.  Producing  this  transformation  at  the  Interfaces  is  the 
most  important  factor  in  achieving  long-term  bond  durability  in  chemically  aggres¬ 
sive  environments. 

When  compared  with  the  results  obtained  with  PIA  primers,  the  PVP-,  PSSA,  and 
PAM-  primed  joint  systems  exhibited  considerable  strength  retrogression  after 
exposure  to  hot  alkali.  The  data  also  indicated  that  the  rate  of  strength 
reduction  increased  with  primer  concentration.  This  trend  was  quite  similar  to 
that  obtained  from  the  PIA-primed  joint  systems. 

Based  upon  these  results,  it  appears  that  the  application  of  a  PIA  macroraole- 
cule  primer  with  a  near  monolayer  thickness  will  significantly  improve  adhesive 
bonding  and  the  durability  of  the  bond  in  PU/A1  joint  systems. 

In  order  to  substantiate  the  nature  and  mode  of  the  interactions  between 
PIA  and  Al  and  Pu,  which  a'-e  responsible  for  the  improvements  described  above, 
additional  studies  were  performed.  The  studies  were  accomplished  using  X.-ray 
photoelectron  spectroscopy  (XPS)  and  specular  reflectance  infrared  (IR)  spectra. 

Figure  2  shows  the  results  from  XPS  high-resolution  examinations  of  the  Chs 
region  of  a  bulk  PIA  polymer  surface  and  a  PIA-A1  Interface.  The  C^s  peak  of  the 
bulk  polymer  surface  (Figure  2-a)  was  resolved  to  show  the  presence  of  two-carbon 
species  in  the  binding  energy  (BE)  range  of  290.0  to  284  eV.  The  predominant  peak 
fixed  at  285.0  eV  as  an  internal  reference,  was  calibrated  with  the  contribution  of 
the  hydrocarbon- type  carbon.  According  to  literature  data,  the  component  at 
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288.9  eV  can  be  assigned  to  -  C  - 


itaconlc  structure, 


9 — “C 


0  -  in  the  carboxylic  acid  of  PIA  and  in  the 
,  formed  by  intra-dehydration  reactions  between 


the  two  adjacent  COOH  groups  located  cn  the  same  backbone  carbon,  during  the  baking 
process  at  150°C  (5,6).  In  the  spectrum  for  the  PIA/A1  interface  (Figure  2-b), 
attention  was  given  to  the  COOH  group  peak  shifting  to  a  lower  BE.  The  decrease 
in  BE  of  0.4  eV  seems  to  suggest  that  an  intermolecular  hydrogen  bond  is  present  at 
the  interfaces.  Since  the  FPL  treatment  not  only  provides  a  fresh  AI2O3  layer 
covering  the  A1  substrate,  but  also  Induces  the  chemisorbed  hydrous  layer  into  the 
outermost  surface  sites  of  AI2O3  (7-9),  the  interaction  between  the  carboxylic  acid 
and  the  hydrous  AI2O3  can  be  predicted  as  follows. 


Figure  2.  C^s  spectra  from  bulk  PIA  surface  (a)  and  PIA/AI2O3  Interface  (b) . 
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-  COOH  (proton  donor)  +  H2O - 0 — A1  (proton  acceptor) 


*1130  —  0 


-H20 
A1  - 


r  —  -  ai  . 


The  nature  of  this  interface  produced  by  a  strong  tonic  interaction  serves  an 
essential  role  in  promoting  the  bond  strength  at  PIA/AL2O3  interfaces.  Further¬ 
more,  the  formation  of  a  hydrogen  bond  provides  the  maximum  resistance  to  water 
displacement,  thereby  improving  the  adhesion  durability  in  a  wet  environment- 

The  most  effective  crosslinking  mechanisms  for  PIA  primers  which  would  promote 
interfacial  bonding  and  enhance  the  bond  durability,  would  result  from  a  molecular 
bridge  consisting  of  a  uniform  monolayer  film  containing  enough  functional  groups 
to  occupy  all  of  the  available  polar  sites  on  both  the  adhesive  and  the  adherend 
surfaces.  As  mentioned  earlier,  some  of  the  free  COOH  groups  in  the  PIA  macromole¬ 
cules  form  a  hydrogen  bond  with  the  free  protons  on  the  hydrated  AI2O3  surfaces. 

The  other  free  COOH  groups  can  react  with  the  PU  adhesive. 

To  assess  the  PIA-PU  interfacial  bond  mechanisms  responsible  for  the  improve¬ 
ment  of  polymer- polymer  adhesion,  specular  reflectance  TR  analyses  were  made.  The 
samples  were  prepared  by  spin-casting  the  PU  resin  onto  PIA-prtmed  aluminum  mirrors 
at  4000  rpm,  and  then  curing  them  in  a  vacuum  oven  for  up  to  3  hr  at  110°C.  The 

resultant  IR  spectra,  shown  in  Figure  3,  were  recorded  over  the  frequency  range  of 

2500  to  1390  cm-'-.  The  assignments  of  absorption  peaks  for  the  PIA  film  and  the 
uncured  PU  resin,  marked  In  Figure  3,  are  summarized  in  Table  1.  Interesting 
spectra  were  obtained  from  the  P1J/PIA/A1  joint  specimens  recorded  as  a  function  of 

heating  time  at  liO^C.  Of  particular  interest  was  the  appearance  of  a  new  band  at 

1680  and  1630  cm-'-  which  can  be  assigned  to  unsaturated  amine,  C  *=  N,  groups.  The 
C  “  N  peak  at  1630  cm-l  is  due  to  the  conjugation  with  the  neighboring  phenyl.  The 
Intensity  of  these  new  peaks  increases  conspicuously  as  the  heating  time  Is 
extended;  whereas,  that  of  isocyanate,  -  N  *  C  =  0,  groups  in  the  PU  resin  at  2260 
cm-'-  tends  to  decrease.  This  seems  to  prove  that  isocyanate  groups  in  PU  adjacent 
to  che  PIA  macromolecules  can  form  a  chemical  bond  with  the  carboxylic  acid  of 
PIA.  Therefore,  the  increasing  C  =  N  intensity  with  extended  heat  curing  time  can 
be  explained  as  a  further  progression  of  the  intermolecular  reaction  between  the 
isocyanate  of  PU  and  the  carboxylic  acid  of  PIA.  This  Interaction  mechanism  is 
given  below: 


N 


c  =  0  +  no  —  c 


-  —  N  -  C  -  0H+ - -0  —  C  — 


It  Is  believed  that  this  chemical  intermolecular  reaction  is  a  very  Important 
mechanism  which  greatly  enhances  the  adhesive  strength  and  the  bond  durability 
of  PU/PIA/AI2O3  joints. 
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Table  1.  IR  Peak  Assignments  for  PIA  Film  and  PU  Resin  on  A1  Mirrors 


PIA 

PU 

Functional  group 

Frequency  (cm~^) 

Functional  group 

Frequency  (cm' 

Itaconlc  (-C=0) 

1850 

•N=C=0 

2260 

Itaconic  (-C=0) 

1770 

Amide  1  (-C=0) 

1715 

-C00H 

1730 

Phenyl 

1592 

-ch2- 

1400 

Amide  11  (-C=0) 

1525 

The  experimental  work  was  extended  further  to  determine  if  the  Interfacial 
reaction  products  could  be  correlated  with  the  results  from  corrosion  testing  at  Al 
surfaces  in  halide-based  corrosive  fluids.  As  recently  reviewed  by  Foley  (10),  the 
localized  corrosion  (pitting  corrosion)  of  Al  alloys  is  initiated  by  the  adsorption 
of  the  reactive  anions  such  as  chloride  ions,  on  the  oxide-covered  Al  surface,  and 
then  the  adsorbed  anions  chemically  react  with  the  Al  ion  in  the  AI2O3  lattice  or 
the  precipitated  AI2O3  hydrates.  This  chemical  reaction  leads  to  the  transforma¬ 
tion  of  AI2O3  and  hydrated  AI2O3  into  colloidal  transitory  Al  compounds  such  as 
Al(0H)Cl2  and  A1(0H)2C1,  and  complexes  such  as  A1C1^+  and  A1(0H)^  .  The  presence 
of  these  water-soluble  aluminum  salts  could  be  related  to  the  nature  of  the  unsta¬ 
ble  oxide  surface.  Hence,  the  adsorption  activity  of  chloride  or  other  aggressive 
anions  can  be  described  as  a  preliminary  step  in  promoting  pitting  corrosion  on 
oxide-covered  Al. 

In  an  attempt  to  gain  information  regarding  the  effectiveness  of  the  inter¬ 
facial  reaction  products  as  a  corrosion  protective  layer  on  FPL-etched  Al  surfaces, 
the  polarization  behavior  of  Al  surfaces  in  PIA/A1  and  PU/PIA/A1  joint  systems  was 
determined.  The  tests  were  conducted  in  a  deaerated  0.5  M  NaCl  solution  at  25°C. 
For  these  tests,  the  PU  deposition  on  the  3.5-nm  thick  PIA-coated  Al  and  uncoated 
Al  surfaces  was  applied  by  spin-coating  at  4000  rpm.  The  thickness  of  the  deposit¬ 
ed  PU  film  was  approximately  500  rim.  Figure  4  shows  the  typical  polarization 
curves  of  log  current  density  vs  potential  for  the  FPL-etched  Al ,  PlA/etched  Al , 
PU/etched  Al,  and  PU/PIA/etched  Al  systems^  .From  the  shape  of  the  curves,  the 
potential  axis  at  che  transition  point  from  cathodic  to  anodic  is  normalized  as  the 
corrosion  potential,  Eq.  The  anodic  polarization  side  of  ail  specimens  was 
characterized  by  a  rapid  increase  in  the  current  density  at  a  certain  voltage 
expressed  in  terms  of  the  critical  pit  initiation  potential,  Eqj  (11,12). 

For  the  etched-Al  surface  specimens,  noteworthy  features  of  the  curve  are  the 
E Q  of  -0.75  V,  the  current  peak  of  1.2  x  10~1  /^A/cra  ,  and  the  E^  of  -0.73  V* 

A  reduction  Eq  and  Eqj  to  less  negative  potentials  was  achieved  with  the  thin 
PIA  film  overlaid  on  the  Al  surface.  A  possible  interpretation  for  this  is  that 
the  magnitude  of  susceptibility  to  the  colloidal  nature  of  hydrated  AI2O3  was 
reduced  by  the  formation  of  hydrogen  bonding  between  the  hydroxyl  groups  of  AI2O3 
hydrates  and  the  C00H  groups  of  PIA.  This  suggests  that  the  hydrogen  bond-based 
interfaclal  reactLon  products  have  an  ability  to  protect  Al  surfaces  from 
aggressive  corrosive  fluids. 
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Figure  4.  Polarization  curves  for  uncoated,  PIA-,  PU-,  and  PU-P JA-coated  aluminum 
immersed  in  deaerated  0.5  M  NaCl  solution  at  25°C, 


On  the  other  hand,  an  overlay  of  PU  on  the  A1  adherend  without  PIA  primer 
resulted  in  a  notable  reduction  in  Ec,  ECI,  and  the  relative  current  density  at 
Ec,  because  of  the  thick  (approximately  500  nm)  coating.  V  further  reduction  in 
vuese  elements  to  xess  negative  potential  and  current  density  was  obtained  with  the 
multiple  layer  PU/PIA/A1  systems. 

From  the  above  results,  it  is  apparent  that  the  mechanisms  and  nature  of  the 
reaction  products  formed  in  the  interfacial  region  ate  important  factors  in  pro¬ 
tecting  A1  substrates  from  corrosion. 


CONCLUSION 


The  use  of  PIA  macromolecules,  which  contain  two  functional  C00H  groups 
ocated  on  the  same  backbone  carbon  atom,  appear  to  have  great  potential  as  water- 
so  u  le  primers  In  PU  adhesive/ A1  adherend  joint  systems.  Preferential  reactions 
etween  the  COOFI  groups  and  the  hydroxyl  groups  of  hydrated  AI7O3  and  the  isocyan¬ 
ate  on  PU  surface  sites  lead  to  interraolecular  bridging  mechanisms  which  chemlcallj 
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couple  the  adhesive  and  the  adherend,  thereby  promoting  interfaclal  bond  strength. 

A  near  monolayer  thickness  of  PIA  Intermediate  film  Is  enough  to  occupy  all  availa¬ 
ble  functional  groups  at  the  adhesive  and  the  adherend  surface  sites.  In  addition, 
the  interraolecular  reactions  contribute  significantly  to  reduce  the  susceptibility 
to  hydrolysis  of  the  interfacial  regions.  The  nature  of  this  progressive  interfa- 
cial  transformation  acts  to  protect  the  A1  substrate  from  corrosion. 


The  use  of  other  hydrophilic  macroraolecule  primers  which  contain  functional 
0  0  0 

II  II 


-  S  -  OH,  -  C  -  NH2,  and  -  N 


/ 

V 


pendant  groups  seems  to  be  less  effective  in 


improving  adhesive  bonding  and  durability. 
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WILL  ADDRESS  OUR  TEST  OBJECTIVE  AS  SHOWN  HERE  ON  THIS  NEX 
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TEST  OBJECTIVE 


5  L- 


M  I 


( 

I 


LU 

co 

o 

O- 

oc 

g 

cu 


U- 

>- 

o 

CQ 

sc 

CO 

o 

LU 

i . 

1 — ■ 

I — 

<c 

<c 

DC 

oc 

t— 

o 

CO 

1 - 1 

PQ 

ct 

ZD 

LU 

CO 

i — 

lu 

co 

o 

X 

o 

cp**' 

• - H 

G 

etc 

.  ►— * 

<C 

h- 

co 

> 

<r 

G 

LU 

DC 

Q 

zc 

O' 

3E 

1 

G 

<C 

» 

G 

CO 

zc 

LU 

LU 

1 — 

i 

-  - 

o 

<C 

G 

O 

£X 

O 

1— 

LU 

OQ 

H- 

>- 

oz 

ZZ 

t— 

►— • 

G 

►— * 

<c 

►— » 

« 

1— 

z: 

SET 

. — i 

G 

ZD 

<c 

CO 

ZC 

CO 

c 

o 

o 

LU 

LU 

DC 

G 

_ 1 

G 

G 

G 

CO 

<X 

zc 

G 

CU 

o 

LU 

X 

1 — 

> 

LU 

35 


-75 


THESE  VEHICLES  ARE  IDEAL  FOR  ACCELERATED  CORROSION  TESTING.  BY  INCLUSION  OF 
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TEST  VARIABLES 
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NOW  TURNING  TO  THE  ACTUAL  TEST  BODY  CONFIGURATIONS.  THEY  ARE  SHOWN  ON  THIS  NEXT 
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20,00?  MILES  WITH  ACTUAL  EXPOSURE  TO  A  MILITARY  JEEP  ROAD  ENVIRONMENT. 
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•  DUE  TO  PREMATURE  FAILURE  OF  BODY  #2,  NO  CONCLUSIONS  ARE  BEING  MADE  AS  TO 
SERVICE  LIFE. 
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100  MILES  PRECONDITION  TESTS 
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20,000  PULES  PRECONDITIONING  TEST 


?0R  MILEAGE  ACCUMULATION,  THEY  WERE  DRIVEN  OVER  FIVE  DIFFERENT  TEST  COURSES 
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WITHIN  THE  LAST  COLUMN, 
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5  L-12 


AFTER  THE  VEHICLES  WERE  MANUFACTURED  AND  PRECONDITIONED,  THEY  WERE  SHIPPED  TO 
THEIR  LOCATION  AT  CAPE  CANAVERAL,  FLORIDA. 
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PR  I .  iE  AND  ACRYLIC  TOP  COAT  WITH  RUST-PROOFING  COMPOUND  APPLIED. 
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RESULTS  CONTINUED 
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AS  ALREADY  MENTIONED,  WE  WILL  CONTINUE  THESE  TESTS  FOR  ANOTHER  i  1/2  YEARS  AND  SUPPLEMEN 
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CORROSION  AND  CORROSION  INHIBITION  OF  METALS/ALLOYS  IN 
METHYPHOSPHONIC  DIFLUORIDE 


CHESTER  V.  ZABIELSKI  AND  MILTON  LEVY 
ARMY  MATERIALS  TECHNOLOGY  LABORATORY 
WATERTOWN,  MA  02172-0001 


ABSTRACT 


Electrochemical  potent iodynamic  polarization  studies  have  been  carried  out 
for  a  variety  of  ferrous  and  non-ferrous  metals  in  methyl phosphonic 
difluoride.  Studies  of  the  effect  of  organic  inhibitors  on  the  corrosion 
rate  of  1020  steel,  316  and  304  stainless  steel  and  magnesium  in 
methyl phosphonic  difluoride  were  also  carried  out. 


INTRODUCTION 


Binary  munitions  in  which  two  different  constituents  are  kept  in  separate 
compartments  until  activation  will  constitute  a  significant  fraction  of  ‘‘he 
chemical  weapons  in  the  United  States.  Because  these  munitions  will  be  used 
under  extreme  circumstances,  they  must  be  stock  piled  over  very  long  periods 
of  time  up  to  30  years  and  still  be  able  co  operate  reliably  when  the  need 
arises.  A  very  high  reliability  of  the  storage  container  is  essential  to  the 
subsequent  activation  of  and  availability  of  this  weapon  system.  The  failure 
of  the  storage  container  is  a  hazard  in  itself  because  of  the  toxic  nature  of 
one  of  the  constituents. 

The  principal  cause  of  failure  will  be  the  corrosion  of  the  storage 
container  by  the  highly  corrosive  methylphosphonic  difluoride  (DF). 
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This  compound  will  react  with  alcohol  in  the  weapon  system  to  form  the  active 
agent  (GB).  The  hygroscopic  OF  interacts  with  the  minor  amounts  of  water 
which  may  be  present,  to  form  hydrogen  fluoride.  DF  is  not  used  in  pure  form 
but  contains  significant  amounts  of  chlorides  and  cathodic  impurities  such  as 
iron,  copper  and  nickel  which  further  increase  the  corrosion  rate  of  most 
metals/alloys.  Although  polymeric  liners  are  being  used,  they  may  slowly 
interact  with  HF  in  the  DF  and  the  substrate  metal /alloy  must  be  able 
therefore  to  withstand  corrosion  and  pitting  attack.  Pitting  attack  could 
lead  to  rapid  perforation  of  the  container. 

The  objectives  of  this  program  are:  to  investigate  the  kinetics  and 
mechanisms  of  corrosion  of  A1  6061  T6  and  candidate  metal  alloys  in 
methylphosphonic  difluoride  (DF);  to  establish  effective  corrosion  inhibitors, 
and  to  ultimately  incorporate  or  immobilize  inhibitors  into  coatings  which  can 
provide  protection  above  the  liquid  line.  Vapor  phase  (thin  electrolyte  film) 
corrosion  has  been  shown  to  be  the  primary  failure  mode  in  GB  munitions  and 
is  prevalent  in  DF  systems.  DF  is  a  major  constituent  of  GB.  Electrochemical 
studies  for  metals/alloys  in  methylphosphonic  difluoride  were  initiated  under 
a  joint  MTL-CRDC  program. 
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EXPERIMENTAL  PROCEDURE 


MATERIALS: 

The  OF  for  this  study  was  utilized  in  two  purities  97.1%  end  99.8%.  The 
complete  compositions  are  shown  in  table  1.  Neutral  aqueous  fluorides  and 
dilute  acidic  fluorides  solutions  were  also  studied.  Potential  organic 
inhibitor  materials  were  added  to  OF  to  determine  their  effects  on  the 
corrosion  processes  and  to  provide  a  means  for  protecting  the  alloys  against 
corrosion . 

A  variety  of  metals/alloys  were  utilized.  Nominal  compositions  for  the 
ferrous  and  non-ferrous  metals/alloys  are  contained  in  tables  2-6, 

Test  Specimen  and  Procedures 

The  corrosion  cell, was  a  modified  polarographic  trielectrode  cell 
constructed  from  teflon1.  The  reference  electrode  in  the  DF  solution  was  a 
silver  wire  in  0.1M  silver  nitrate  in  acetonitrile.  The  working  electrode  was 
an  alloy  cylinder,  1.2citi  surface  area.  The  counter  electrode  was  a  spiralled 
40  gauge  platinum  wire.  In  order  to  describe  the  anodic  and  cathodic 
processes,  anodic  and  cathodic  polarization  measurements  were  made  utilizing 
the  potential  sweep  method  of  potentiostatic  polarization.  The  electrode 
potential  was  continously  changed  at  a  constant  rate  of  5000mv/hr  and  current 
simultaneously  recorded.  Corrosion  rates  in  mils  per  year  were  generally 
determined  by  extrapolation  of  the  cathodic  portion  of  the  polarization  curve 
and  pitting  scans  were  performed  to  elucidate  mechanisms  of  passivation  or 
pitting.  One  hour  potential -time  data  were  obtained  for  all  alloys  in  all 
environments  in  order  to  determine  the  corrosion  potentials.  In  addition  ^ 
selected  cylindical  specimens  e.i.  modified  polarization  specimens  1.2-4. 5  cni 
were  exposed  up  to  180  days  at  room  temperature  to  DF-22  vapor  by  positioning 
the  specimen  above  DF-22  solution  with  and  without  added  organic  inhibitors. 

ELECTROCHEMICAL  RESULTS 


Selected  Alloys 


Potent i al -time  curves  for  a  group  of  alloys  in  both  DF -2  and  DF-22 
solutions  are  shown  in  figures  1  and  2  respecti vely.  Generally  equilibrium 
potentials  were  obtained  within  30  minutes.  Except  for  Hastelloy  B  and 
Haste! loy  C  which  contain  chromium  and  molybdenum,  the  corrosion  potentials  of 
the  other  metals/alloys  were  more  active  e.i.  negative  in  DF-22  the  higher 
purity  solution.  The  corrosion  potential  range  for  the  metals/alloys  was 
(+0.71V  to  -0.644V)  in  DF-2,  the  97.1%  solution  and  (+.254V  to  -1.100V)  in 
DF-22,  the  99.8%  solution 

Polarization  curves  in  DF-2  and  DF -22  for  Hastelloy  B,  Hastelloy  C, 
titanium,  Al  6061  T6  and  1020  steel  are  shown  in  figure  3  and  for  Ta-lOW, 
Monel,  Ta,  and  1020  steel  in  figure  4.  All  the  metals/alloys  exhibited  lower 
corrosion  current  densities  in  DF-22,  the  higher  purity  99.8%  solution 


72 


than  in  DF-2  (97.11,)  solution.  Current  densities  in  the  passive  region  were 
less  than  lOOua/crn  with  the  exception  of  1020  steel. 

Pitting  scans  for  Ta-lOW  in  DF-2  and  DF -22  solution  are  shown  in  figure 
5,  and  in  figure  6  for  A1  6061-  T6  in  DF-2  solution  and  Hastelloy  C  in  DF-22 
solution.  Pitting  tendency  as  determined  from  potentiodynamic  pitting  scans 
disclosed  that  pitting  did  not  occur  for  any  metal/alloy  in  the  DF-2  solution 
but  that  pitting  was  evident  in  DF-22,  the  higher  purity  solution  for  Monel, 
Ta-lOW  and  Hastelloy  B  and  C.  The  chromium  content  of  Hastelloy  B  and 
Hastelloy  C  and  the  tungsten  content  in  Ta-lOW  may  impart  susceptibility  to 
pitting  in  the  purer  DF-22  solution.  DF-22  vapor  exposure  data,  also  shows 
that  Hastelloy  8,  Hastelloy  C  and  Ta-lOW  undergo  pitting. 

The  polarization  curves  for  1020  steel  in  aqueous  fluoride  solutions  are 
shown  in  figure  7.  The  curve  for  .2%  HF  and  0.1M  (NH»)  HF~  have  similar 
current  densities.  The  addition  of  .2%  NaCl  to  .2%  HF  displaces  the  curve 
toward  significantly  higher  current  densities.  The  curves  for  .1M  NaF  and 
.1M  KF  in  comparison  to  the  .2%  HF?  solutions  show  lower  current  densities  and 
more  active  or  negative  potentials; 

The  corrosion  rates  of  the  metals/alloys  in  DF-2.  shown  in  table  7  were 
significantly  higher  than  those  in  OF-22.  The  impurities  in  the  DF-2  solution 
cause  an  increase  in  the  corrosion  rate.  1020  steel  had  the  highest  corrosion 
rate  in  both  solutions.  A1  6061-  T6,  Hastelloy  C  and  Ta-lOW  have  corrosion 
rates  <1  mpy  in  both  solutions. 

The  corrosion  rates  for  1020  steel  in  acidic  fluoride  solutions  were 
higher  than  those  for  neutral  fluoride  solutions.  The  corrosion  rates  in  mils 
per  year  were  14.9  for  .2%HF  and  17.0  for  ,1M  (NH^)  HF^.  These  corrosion 
rates  were  similar  to  the  value  of  17.6  obtained  in  the  higher  purity  DF-22 
solution.  The  corrosion  rate  in  0.2%HF  +  0  .2%  NaCl  solution  was  173.5  mpy 
which  exceeded  the  value  of  99.2  mpy  in  DF-2,  the  solution  which  contains  .22% 
chloride, 

A1  urtii  num  A1 1 oys 

Polarization  curves  for  aluminum  alloys  are  compared  for  DF-2  (97.1%)  and 
DF-22  (99.8%)  solutions  in  figure  8.  The  polarization  curves  for  (aluminum 
alloys  in  DF-22  solution  are  characterized  by  lower  current  densities.  A1 
7075,  Al  5033,  A1  6061  and  A1  2090  develop  passive  regions  in  both  solutions 
with  current  densities  less  than  20  ua/crn'.  Table  8  lists  the  corrosion  rates 
determined  from  the  extrapolation  of  the  cathodic  arid  anodic  Tafel  slopes. 

Four  aluminum  alloys,  Al  7075,  Al  5083,  Al  5061  arid  Al  2090  have  corrosion 
rates  <1  mpy  in  both  DF-2  arid  DF-2?  solutions.  Pitting  scan  data  in  table  3 
for  the  DF-22  solution  indicates  that  Al  5083  which  contains  4,6%  magnesium 
and  Al  2090  which  contains  2.4%  lithium  undergo  pittiny.  Visual  examination 
of  the  polarization  specimens  after  completion  of  the  pitting  scans  confirmed 
the  occurrence  of  pitting  in  Al  5083  ano  Al  4043.  DF-22  vapor  exposure  data  in 
table  8  revealed  pitting  in  Al  5083  and  Al  6061  T6. 


Copper  A1 Toys 

Polarization  curves  for  selected  copper  alloys  are  compared  for  DF-2 
(97.1%)  and  DF-22  (99.8%)  solutions  in  figures  9  and  10  respectively.  The 
polarization  curves2for  copper  alloys  in  DF-22  show  lower  passive  current 
densities  (100  a/cm  j  than  in  DF-2  solution.  The  addition  of  zinc  to  pure 
copper  displaces  the  curves  toward  more  negative  potentials.  Table  8  lists 
the  corrosion  rates  in  DF-2  and  DF-22  solutions  determined  from  the 
extrapolation  of  cathodic  and  anodic  Tafel  slopes.  The  corrosion  rates  in 
DF-2  solution  for  pure  copper  and  the  copper  alloy  containing  38%  Zn,  2%Pb 
(this  alloy  was  machined  from  a  brass  valve  used  in  a  one  ton  GB  agent 
container)  exceed  20  mpy  and  are  significantly  higher  than  those  for  the 
copper  alloys  in  DF-22  solution.  The  corrosion  rates  in  DF-22  solution  were 
between  1.53  and  3.06  mpy,  except  for  Cu  (38%  Zn,  2%Pb)  which  had  a  rate  of 
.28  mpy.  Pitting  scan  data  in  table  8  for  the  DF-22  solution  disclosed  that 
pitting  occurs.  Visual  examination  of  the  polarization  specimens  after  the 
completion  of  the  pitting  scans  confirmed  that  pitting  does  indeed  occur. 

DF-22  vapor  exposure  data  showed  that  Cu  (30%  Zn)  undergoes  severe  pitting. 

Magnesium,  Cranium  A1 loys 

The  polarization  curves  for  commercially  pure  magnesium  and  DU-0.75%Ti 
(warm  worked)  are  compared  in  DF-22  solution  in  figure  11  with  Al  6061  To  and 
Al  2017.  Magnesium  and  DU-0. 75  Ti  exhibit  more  active  corrosion  potentials 
and  higher  current  densities  but  passive  current  densities  don't  exceed 
lOOua^cm  .  Passive  current  densities  for  the  Al  alloys  are  between  5  and  10 
ua/cm  .  The  corrosion  rates  in  DF-22  solution  listed  in  table  8  show  that 
commercially  pure  magnesium  and  DU-.75%Ti  significantly  exceed  the  rates  for 
Al  6081  and  Al  2017  but  are  lower  than  that  for  1020  steel.  Pitting  scan  data 
in  table  3  for  DF-22  solution  indicates  severe  pitting  occurs  on  commercially 
pure  magnesium  arid  slight  pitting  occurs  on  warm  worked  DU-.75%Ti.  Visual 
examination  of  the  polarization  specimens  after  completion  of  the  pitting 
scans  confirmed  the  occurrence  of  pitting  in  commercially  pure  magnesium. 

Dr-22  (99.8%)  vapor  exposure  data  in  table  8  also  shows  severe  pitting  of 
magnesium 

Stainless  and  Other  Ferrous  Al loys 

Polarization  curves  for  stainless  and  other  ferrous  alloys  in  DF-22 
(99.8%)  solution  are  shown  in  figure  12.  The  increase  in  chromium  and  nickel 
content  displaces  the  stainless  steels  curves  (in  comparison  to  1020  steel) 
toward  more  noble  potentials  and  lower  current  densities.  The  corrosion  rates 
for  the  stainless  steels  in  DF-2  and  DF-22  solutions  (table  9)  were  1  mpy  or 
less.  The  corrosion  rates  for  304SS  and  3171.  SS  in  DF-2  solution  markedly 
exceeded  those  in  DF-22  solution  but  were  lower  than  the  corrosion  rates  for 
1020  steel.  Pitting  scan  data  in  table  9  for  the  DF-22  solution  indicated 
that  slight,  pitting  occured  on  304SS  and  430SS.  Visual  examination  of 
polarization  specimens  after  completion  of  pitting  scans  disclosed  slight 
pitting  for  4305S,  304SS,  and  316L  SS.  The  DF-22  vapor  exposure  data  in  table 
9  indicated  severe  pitting  of  304SS  and  no  pitting  of  3.16L  SS, 
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Nickel  Alloys 


Polarization  curves  for  nickel  alloys  in  DF-22  solution  are  shown  in 
figure  13.  In  comparison  to  the  curve  for  pure  nickel,  addition  of  chromium 
and  molybdeum  to  nickel  displaces  the  curves  for  Hastelloy  6  and  C  toward  more 
noble  potentials  and  lower  current  densities.  The  addition  of  copper  to  pure 
nickel  shifts  the  curve  for  Monel  toward  more  negative  or  active  potentials. 
The  corrosion  rates  in  DF-22  solution  in  order  of  increasing  rates  were 
Hastelloy  C  (0.08  mpy,  Hastelloy  B  (0.68  mpy)  commercially  pure  nickel  (1.38 
mpy)  Monel  (1.81  mpy)  and  Ni  200  (2.40  mpy).  The  corrosion  rates  in  DF-2 
solution  were  somewhat  higher  than  in  DF-22  for  Hastelloy  C  (.19  mpy)  and 
Hastelloy  B  (2.06  mpy)  and  markedly  higher  for  Monel  (14.97  mpy).  Pitting 
scan  data  in  table  9  for  the  DF-22  solution  indicate  that  the  nickel  alloys 
Hastelloy  C,  Hastelloy  8,  Ni  200,  Monel  and  commercially  pure  nickel  undergo 
pitting.  The  visual  examination  of  polarization  specimens  after  completion  of 
the  pitting  scans  revealed  pitting  of  Ni  200  and  commercially  pure  nickel. 
DF-22  vapor  exposure  data  in  table  8  indicated  pitting  of  Hastelloy  B  and 
Hastelloy  C. 


Inhibitor  Studies 


1020  Steel 


Table  10  lists  the  percent  cathodic  and  anodic  inhibition  efficiencies 
for  .025  molar  organic  inhibitor  additions  to  DF-2  (97.1%)  based  on  corrosion 
rates  determined  from  cathodic  and  anodic  Tafel  slope  extrapolations. 
Sulfanilimide  was  found  to  have  the  highest  cathodic  and  anodic  inhibiting 
efficiencies  of  74.3  and  84.2.  Benzoni tri le,  benzothiazole,  benzotriazole 
additions  provided  cathodic  and  anodic  inhibiting  efficiences  greater  tnan 
50%.  Sulfanilimide,  benzonitrile  and  benzotriazole  are  N-containing  additives 
while  benzothiazole  is  an  S-containing  additive.  These  species  may  chemically 
absorb  on  the  surface  to  inhibit  corrosion  by  acidic  fluorides  (HF)  and  acidic 
chlorides  (HCL).  The  remaining  organic  inhibitor  additions  NLS  (Na  salt),  NLS 
(free  acid),  benzimidazole, N-containing  additives  and  2-benzothiazole-  ethiol, 
i-phenyi -2-thiourea, S-  containing  additives  had  cathodic  and  anodic  inhibiting 
efficiencies  lower  than  50%  . 

316L  Stainless  Steel 


Table  11  lists  the  percent  cathodic  and  anodic  inhibiting  efficiencies 
for  .025  molar  organic  inhibitor  additions  to  DF-2  (97.1%).  Benzotriazole  was 
found  to  have  the  highest  cathodic  and  anodic  inhibiting  efficiences  of  97.5 
and  98.6%  respectively.  Pitting  scan  data  indicated  that  pitting  occurred. 
Visual  examination  of  Specimens  after  completion  of  the  pitting  scan  revealed 
the  presence  of  pitting.  Exposure  in  DF-2  liqu  d  arid  vapor  however,  did  not 
confirm  the  presence  of  pitting  .  NLS  (Free  acid)  gave  the  next  highest 
cathodic  anodic  inhibiting  efficiencies  of  40.8  and  73.8%  respectively. 

304  Stainless  Steel 


Figure  14  shows  a  comparison  of  anodic  polarization  curves  for  304  SS  in 
DF-22  with  and  without  a  .025M  benzothiazole  addition.  The  inhibitor  addition 
shifted  the  curve  toward  more  negative  potentials  arid  lower  current  densities. 
Table  12  compares  the  efficacy  of  the  four  different  inhibitors. 
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Benzotri azole  had  the  highest  cathodic  inhibiting  efficiency  of  76.4  percent 
followed  by  benzothiazole  and  sulfani 1 imide  (greater  than  50  percent)  and 
n-lauroyl  sarcosine  (Na  salt)  (below  50  percent).  Pitting  data  scan  in  table 
12  showed  that  all  the  inhibitor  additions  eliminated  pitting.  Visual 
examination  of  the  polarization  specimens  confirmed  the  elimination  of  pitting 
by  the  four  inhibitor  additions.  Figure  15  shows  that  304  stainless  specimens 
exposed  to  the  vapor  above  the  OF -22  (99.8%)  solution  with  .025  molar 
benzothiazole  were  free  of  pitting. 

Commercially  Pure  Magnesium 

Figure  16  compares  anodic  polarization  curves  for  commercially  pure  magnesium 
in  OF -22  (99.8%)  with  and  without  .025M  benzothiazole.  The  addition  of  the 
inhibitor  shifted  the  curve  toward  more  noble  potentials,  showed  an 
active-passive  transition  and  reduced  the  critical  current  for  passivity  from 
100ua/cm2  to  10ua/cm2.  Table  13  shows  that  benzothiazole  had  a  higher 
cathodic  inhibiting  efficiency  (87.5%)  than  benzotriazole  (71.5%).  The 
pitting  scan  data  in  table  13  showed  that  both  inhibitors  eliminated  pitting. 
Visual  examination  of  the  polarization  specimens  from  pitting  scans,  however, 
revealed  that  slight  pitting  was  evident.  Figure  17  shows  that  commercially 
pure  magnesium  exposed  to  DF-22  (99.8%)  vapor  containing  .025  molar 
benzothiazole  significantly  reduces  the  magnitude  of  pitting. 

SUMMARY 


The  corrosion  rate  of  the  metals/alloys  in  97.1%  DF  were  significantly  higher 
than  in  99.8%  DF.  The  Cl,  Fe  and  other  impurities  in  the  97.1%  solution  cause 
an  increase  in  the  corrosion  rate. 

1020  steel  had  the  highest  corrosion  rate  in  both  solutions.  Hastelloy  C, 
Ta-lOW,  A1  6061  T6,  A1  5083,  A1  2090,  A1  7075-T6  have  corrosion  rates  <1  mpy 
i n  both  solutions . 

The  corrosion  potentials  of  the  metals/alloys  were  generally  more  active  in 
the  higher  purity  solution  except  for  Hastelloys  C  and  B,  stainless  steels  304 
and  316L,  A1  2090,  A1  2017,  and  Cu  (38%Zn ,2%Pb) . 

Pitting  tendency  as  determined  from  potentiodynamic  pitting  scans  disclosed 
that  pitting  did  not  occur  for  any  metal/alloy  in  the  97.1%  solution  but  that 
pitting  was  evident  in  the  higher  purity  99.8%  solution  for  high  nickel 
content  alloys,  pure  Cu,  Cu(5%Zn),  Cu(30%Zn),  Cu  (38%Zn ,2%Pb) ,  stainless 
steels  304  and  316L,  A1  5083,  A1  2090,  A14043,  Mg,  and  warm-worked  DU-0.75%Ti. 

Inhibiting  efficiencies  determined  from  reductions  in  potentiondynamic 
polarization  corrosion  rates  based  on  cathodic  and  anodic  Tafel  slope 
extrapolations  respectively  for  0.025  molar  additions  of  organic  inhibitors 
were  highest  in: 

97.1%  DF  for  sul fani 1 imide  (74.3%  and  84.2%)  and  1020  steel  and  for 
benzotriazole  (97.5%  and  98.6%)  with  3161  stainless  steel; 

99.8%  DF  for  benzotriazole  (70.5%  and  76.4%)  and  304  stainless  steel  and 
for  benzothiazole  (87.5%)  arid  Mg. 


76 


P-: 


Potentiodynamic  pitting  scans  for  304SS  in  99.8%  OF  solution  with  0.025  molar 
additions  of  benzotriazole,  benzothiazole,  sulfani limide  and 
N-lauroylsarcosine  (Na  salt)  ar.d  for  Mg  with  benzothi a2ole  and  benzotriazole 
showed  that  these  inhibitors  reduced  or  eliminated  pitting. 

Visual  observation  of  304  stainless  steel  and  Mg  specimens  after  long  term 
exposure  to  vapor  above  99.8%  OF  disclosed  that  an  addition  of  0.025  molar 
benzothiazole  to  the  liquid  phase  greatly  reduced  the  extent  of  pitting. 
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Table  1 


ANALYSIS  AND  PURITY  OF  DF 


SAMPLES 

ANALYSIS 

_DF-2_ 

DF-223 

METALS 

(ppm) 


Fe 

120 

7 

Cu 

10 

10 

Ni 

18 

22 

Cr 

4 

1 

Zn 

18 

2 

Mo 

2 

2 

TOTAL  METALS  (wt  X) 

0.017 

0.004 

Ci  (wt  %) 

O.zz 

0.01 

PURITY  (mole  %) 

F.P.  DEPRESSION 

97.1 

99.8 

NMR 

96.8 

99.9 

IMPURITIES  (mole  X) 

PERCENT  ACCOUNTABLE 

0.237 

0.0014 

PERCENT  NOT  ACCOUNTABLE 

2.763 

0.249 

(a)  REPRESENTS  DF  THAT  WAS  PURIFIED  BY  DISTILLATION  IN 
HASTELLOY  B  EQUIPMENT  TO  PRODUCE  HIGH  PURITY  MATERIAL. 
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Table  3 

COMPOSITION  OP  STAINLESS  STEEL  ALLOYS 


81 


if*.. 


82 


* 


84 


Table  / 


l 

CORROSION  RATES  IN  NILS  PER  YEAR 


•RLLOY 

DF-2 

pr-22 

1020 

S9.2 

17.5 

MONEL 

15.0 

1.8SP 

T  a 

9.1 

<  .  1 

Ti 

3.3 

0.2 

HRSTELLOY  B 

2.0 

2 .  QSP 

Ta:  10*  N 

0.8 

0. 5SP 

R1  6061 --T6 

0.  1 

<  .  1 

HRSTELLOY  C 

<  .  1 

<.1SP 

CORROSION  RATES  OF  1020  STEEL 


SOLUTION  MPY 


1!F  +  0.2 X  NaCl  173. 5P 

O. IN  ( NH q ) HFg  17.0 

0.25{  HF  14.9 

0. IN  KF  2.1 

0. IN  NaF  1.5 


pPitiing 

spSlight  Pitting 
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POTENTI QDYNAM I C  CORROSION  RATES  AND  PERCENT  INHIBITING  EFFICIENCIES  (I.E.X) 
OF  1020  STEEL  IN  DF-2  (97.11)  WITH  .025  MOLAR  ORGANIC  INHIBITOR  ADDITIONS 
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POTENTIODYNRMIC  POLRRIZRTION  CURVES  IN 
DF-2  (37.  U)  AT  25*C,  SCRN  RATE:  1.38B  mv/sec 


POTENTIODYNRMIC  POLRRIZRTION  CURVES  IN 
DF-22  (39 .  B'i)  RT  25’C,  SCRN  RATE:  1.388  mv/sec 


POTENTIODYNRMIC  POLARIZATION  CURVES  IN 
DP-2  (97.1%)  RT  25*C.  SCAN  RATE:  1.386  rov/sec 
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Figure  9 

COMPRRISON  OF  COPPER  FIND  BRASS  POTENT I ©DYNAMIC  POLARIZATION 
CURVES  IN  DF-2  (97.15:)  AT  25°C,  SCAN  RATE:  1.388mv/sec 
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DEVELOPMENT  OF  MICROENCAPSULATED  DNBM 


QUATERNARY  AMMONIUM  INHIBITORS  FOR  PAINTS 
L.J.  Bailing)  and  V.S.  Agarwala(^) 


Abstract. 


The  microencapsulation  of  DNBM  quaternary  ammonium  corrosion 
inhibitors  (dichromate,  nitrite,  borate,  and  molybdate)  for  use  in 
epoxy  polyamide  primers  on  naval  aircraft  has  been  accomplished  using 
a  cellulose  ether  as  the  outer  shell  with  a  deactivating  step  applied 
to  render  the  shell  impermeable  to  the  primer  solvents  during  cure. 
The  microcapsules  are  in  the  5-30//m  (micron)  particle  size  range,  and 
have  been  prepared  to  contain  30,  55,  and  70%  DNBM.  These  inhibitors 
were  developed  to  retard  corrosion  fatigue  and  stress  corrosion 
cracking  in  high  strength  steels  and  aluminum  alloys.  Corrosion 
testing  is  underway  at  Lockheed  and  the  Naval  Air  Development  Center, 
Warminster . 

Introduction 

The  sudden,  catastrophic  damage  caused  by  environmentally  relalr-d 
failures  of  high  strength  steel  and  aluminum  alloy  naval  aircraft 
parts  has  long  been  recognized  as  a  major  material  problem.  Early 
emphasis  focused  on  improving  mechanical  properties  of  the  alloys  to 
compensate  for  these  defects.  However,  it  was  soon  realized  that 
increasing  the  strength  of  the  steels  also  increased  their 
susceptibility  to  environmental  cracking  or  fatigue  failures. 
Subsequent  studies  concentrated  on  the  interplay  of  corrosion 
processes  occurring  at  crack  tips  or  areas  of  high  stress 
concentrations.  To  minimize  the  corrosion  processes  associated  with 
fatigue,  cracking,  several  exploratory  studies  were  carried  out  based 
on  the  feasibility  of  developing  new  inhibitor  compounds,  such  as 
quaternary  ammonium  salts  and.  crown  ether  complexes,  to  be  applied  in 
situ  for  the  arresting  of  crack  propagation  (Ref.  1,  2).  Organic 
amine  chromate  salts  were  also  investigated  previously  as  potential 
inhibitors,  and  were  found  to  be  generally  more  effective  than  the 
common  inorganic  primer  chromates  (Ref.  3);  however,  instability  to 
heat  and/or  light  has  precluded  their  continued  development. 

Several  of  the  new  compounds  that  have  been  successful  in  retarding 
corrosion  fatigue  and  stress  corrosion  cracking  are  described  in  a 
recent  summary  of  corrosion  inhibition  in  high  strength  aerospace 
materials,  including  Type  4340  and  300M  steels,  and  7075-T6  aluminum 


( 1 )  Lockheed  Palo  Alto  Research  Laboratory,  Research  and  Development 
Division,  Lockheed  Missiles  &  Space  Co.,  Inc.,  Palo  Alto, 
California 

(2)  Aero  Materials  Division,  Naval  Air  Development  Center,  Warminster, 
Pennsylvania 


alloy  (Ref.  4).  These  materials  have  been  named  DNBM,  an  acronym  for 
a  dark  brown,  high  viscosity,  100  percent  solids  mixture  of  quaternary 
ammonium  dichromate,  nitrite,  horate,  and  molybdate.  The  properties 
of  these  compounds  are  such  that  they  act  to: 

(a)  inhibit  moisture  entry  at  the  crack  tip,  thereby  inhibiting 
corrosion 

( b )  modi fy  the  inter  facial  chemistry  such  that  atomic  hydrogen  i s 
removed  immediately ,  thereby  impeding  its  entry  into  the  metal 

(c)  create  a  chemical  barrier  (passive  film)  at  the  crack  surface 
DNBM  Materials  Development 

As  originally  evaluated  for  corrosion  inhibition,  the  individual  DNBM 
compounds  were  prepared  in  gram  quantities  that  were  adequate  for 
application  to  a  crack  tip  or  similar  surface.  Except  for  the  borate 
quaternary,  however,  none  was  available  in  quantities  required  for 
paints.  One  objective  of  the  development  program,  therefore,  was  to 
prepare  the  D,  N,  and  M  salts  in  kilogram  size  lots.  Following 
initial  investigative  synthesis  and  laboratory  trials,  this  was 
achieved  through  a  commercial  supplier.  At  this  time,  scaleup  to  the 
pilot  level,  in  multikilogram  quantities,  is  in  the  planning  stages. 

To  illustrate  the  double  exchange  reaction,  a  block  diagram  of  the 
synthesis  is  shown  in  Fig.  1.  The  nitrite  and  molybdate  salts  were 
prepared  by  a  similar  mechanism.  The  resultant  molybdate  quaternary 
was  a  monosubstituted  salt,  CH3 ( Cg-Cj g ) 3N ‘ NH4Mo207 '  determined  from 
the  analytical  data  on  Mo  content  and  non-reacted  starting  material. 
Table  I  contains  percent  analyzed  vs.  theoretical  data  for  Cr,  NO2,  B 
and  Mo,  the  results  having  been  obtained  from  kilogram  batches  of  the 
salts.  To  maintain  chloride  levels  as  low  as  possible,  the  sulfate 
salt  was  used  as  the  quaternary  ammonium  starting  material. 

The  DNBM  mixture  was  prepared  by  adding  equal  numbers  of  Cr  and  Mo 
atoms.  Nitrite  was  added  as  if  it  were  a  single  unit  in  ~30%  excess, 
and  the  borate  quaternary  was  added  in  the  same  and  double  the  number 
of  Cr  atoms. 

The  100%  DNBM  mixture  was  stable  in  laboratory  light  with  no  change  in 
color  or  formation  of  Cr(III)  over  a  period  of  several  weeks.  In  the 
presence  of  solvents,  e.g.  toluene,  isopropanol,  a  marked  change  from 
dark  brown,  Cr(VI),  to  green,  Cr(IIl),  was  observed  in  several  hours 
to  days,  depending  on  the  solvent  concentration,  when  exposed  to 
laboratory  light.  In  the  case  of  toluene-DNBM  mixtures,  GC-MS 
analysis  indicated  the  formation  of  benzoic-acid,  benzaldehyde ,  and 
benzyl  alcohol,  illustrative  of  the  oxidative  activity  of  the 
dichromate  quaternary  salt  toward  this  solvent. 

DNBM  Solubility  in  Nonaqueous  Solvents  and  Equilibria  in  Aqueous  Media 

The  dichromate  quaternary  has  been  observed  to  be  almost  universally 
soluble  in  aliphatic,  aromatic,  and  chlorinated  solvents.  This  is 
also  true  for  the  nitrite,  borate,  and  molybdate  salts,  with  the 
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exception  that  the  borate  is  less  soluble  in  acetonitrile;  and  the 
molybdate  is  less  soluble  in  low  molecular  weight  aliphatics,  such  as 
petroleum  ether. 

Of  direct  consequence  to  the  performance  of  the  inhibitor  are  the 
following  observations: 

a)  The  salt  is  insoluble  in  distilled  (ion  free)  water. 

b)  The  addition  of  quaternary  starting  material  does  not  cause 
any  change  in  solubilization  in  distilled  water. 

c)  The  addition  of  aqueous  sodium  chloride  or  other  water  soluble 
ions  causes  an  orange  color,  Cr(VI),  to  develop 

in  the  aqueous  layer. 

This  evidence  supports  the  concept  of  reversibility  of  the  exchange 
equilibria,  as  well  as  the  integrity  of  the  quaternary  functionality 
shown  in  Fig.  1. 

The  probable  mechanism  for  DNBM  corrosion  inhibition  is  therefore 
release  of  the  inorganic  inhibitor  anions  in  the  presence  of  seawater, 
which,  under  adverse  conditions,  will  make  its  way  through  the  coating 
to  the  substrate  that  is  to  “be  protected.  In  addition  to  the 
hydrolysis  reactions,  there  will  form  free  quaternary  ammonium 
cations,  the  hydroxide,  or  chloride,  that  can  act  as  a  separation 
barrier  at  aluminum  or  steel  substrates.  Non-dissociated  DNBM  can 
also  serve  as  a  barrier  film. 

pH  of  DNBM  Quaternary  Ammonium  Salt  Mixtures  in  Seawate r 

An  additional  requirement  for  practical  application  of  the  DNBM 
inhibitor  mixtures  is  that  the  pH  of  DNBM  in  saltwater  will  be  near 
neutral.  To  determine  the  pH  values  of  DNBM-seawate r  mixtures,  four 
samples  were  prepared.  The  salt  water  was  natural,  filtered  Pacific 
Ocean  seawater  of  pH  7.9.  The  readings  were  determined  after  mild 
stirring  or  contact  for  two  arbitrary  periods  of  3  and  15  min.  Two 
levels,  excess  quaternary  and  excess  seawater,  were  chosen  as 
conditions  that  could  occur  at  a  primer-substrate  interface  in  the 
process  of  failure.  Stirring  was  slow,  sufficient  to  maintain  contact 
between  the  two  phases  during  the  two  time  periods.  See  Table  II. 

The  borate  salt  appeared  to  have  less  effect  on  pH  than  anticipated; 
however,  this  may  have  been  caused  by  a  hydrolysis  rate  effect  that 
could  result  in  somewhat  higher  pH  readings  later  on. 

Formulation  of  DNBM  Inhibitors  in  Paints 


The  preferred,  and  most  obvious  location  for  a  corrosion  inhibitor  in 
an  organic  coating  that  is  used  to  protect  a  metal  surface  is  the 
position  closest  to  the  corrodible  substrate.  In  the  case  of  naval 
aircraft  coatings,  it  is  the  epoxy  polyamide  primer.  Fig.  2  shows  a 
cross  section  of  the  system,  which  for  alumi num  utilizes  an  aliphatic 
polyurethane  top  coat;  and  for  steel,  an  epoxy  or  polyurethane  top 
coat.  If  the  DNBM  mixture  is  added  directly  to  the  epoxy  primer 
system,  the  DNBM  will  dissolve  in  the  solvents  of  the  formulation, 


and,  depending  on  the  quantity  added,  may  change  the  cure  rate,  water 
resistance,  or  other  properties  that  can  be  affected  by  the  presence 
of  a  non  film-forming,  solvent-soluble  organic  additive.  When  added 
to  part  A  of  the  epoxy  formulation  (diglycidyl  ether  of  bisphenol  A 
resin,  solvents,  pigments,  etc.),  the  dichromate  quaternary  will 
slowly  oxidize  the  solvents  or  the  hydroxyl  bonds  of  the  glycidyl 
ether  branch,  with  concurrent  reduction  and  loss  of  the  DNBM  Cr(VI) 
content  in  the  presence  of  light  to  Cr(III).  Therefore,  the  DNBM 
inhibitor  should  be  separated  from  the  primer  components  during  the 
period  of  formulation,  drying  and  cure.  The  process  of 
mi c »-oencapsulation  was  selected  as  the  means  to  carry  out  this 
function . 

Microencapsulation  of  DNBM  for  Epoxy  Polyamide  Primers 

The  purposes  of  microencapsulation  are  specific.  The  DNBM  inhibitor 
must  be  protected  from  contact  with  the  solvents  and  uncured  polymers 
of  the  epoxy  system.  In  so  doing,  the  mixture  is  held  in  reserve  in 
the  primer  coat,  such  that  when  called  for,  e.g.,  as  the  result  of 
environmental  damage  to  the  top  coat  and  primer,  the  DNBM  mixture  is 
released  into  the  area  needed.  At  the  same  time,  the  shell  of  the 
microcapsule  must  be  sufficiently  hydrophilic  or  water  susceptible 
that  when  seawater  penetrates. the  primer  by  diffusion  or  through 
cracks,  the  microcapsules  will  allow  the  water  to  pass  through, 
thereby  releasing  the  DNBM  inhibitor  from  the  shell.  Since  the  shell 
characteristics  must  be  controlled,  a  shell  deactivation  process  is 
required  in  order  to  accommodate  the  different  penetration/release 
rates  required  of  the  microcapsules . 

The  criteria  used  for  selection  of  the  microcapsule  shell  polymers  are 
listed  as  follows: 

a)  Non-solubility  in  coating  solvents 

b)  Non-reactivity  with  DNBM  or  coating  components 

c)  Well-established  polymer  properties 

d)  Amenable  to  commercial  formulation  and  production  with  DNBM 

The  primary  requirement  is  that  the  encapsulant  polymer  resist  all 
solvents,  resins,  additives,  etc.,  that  are  present  in  the  primer 
formulation.  The  solvents  that  are  used  in  epoxy  polyamide  coatings 
are  general  solvents,  including  methyl  ethyl  ketone,  isopropyl 
alcohol,  isobutyl  alcohol,  butyl  cellosolve,  cellosolve  acetate,  with, 
possibly,  small  amounts  of  toluene  and  xylene.  The  Mil-T-81772,  Type 
II  (epoxy)  diluent  contains  methyl  ethyl  ketone,  methyl  isobutyl 
ketone,  and  ethylene  glycol  monoethyl  ether  or  propylene  glycol  methyl 
ether.  The  coating  polymers  that  are  insoluble  in  these  solvents  and 
that  are  also  water  soluble/dispersible  belong  to  the  family  of 
cellulose  ethers.  Of  these,  methyl  cellulose,  hydroxyethyl 
methylcellulose ,  and  hydroxypropyl  methylcellulose  were  the  principal 
test  candidates.  Polyvinyl  alcohols,  derived  from  hydrolyzed 
polyvinyl  acetate,  have  similar  properties,  and  were  included  also. 
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Basic  Mictuen capsulation  Mechananisms 

The  basic  mechanism  involves  several  steps,  described  as  follows  for 
the  DNBM-ce 1 lulose  ether  system.  The  initial  step  is  formation  of  a 
stable  oil-in-water  emulsion  of  DNBM  in  an  aqueous  colloidal  solution 
of  the  cellulose  ether.  Methyl  cellulose  (MC)  or  one  of  the  alternate 
polymer  candidates  is  first  dissolved  in  deionized  water  to  form  a 
stable  colloidal  emulsion.  Next,  core  material  is  added,  and  high 
shear  high  speed  mixing  is  applied  to  disperse  the  DNBM.  It  was  noted 
experimentally  that  the  ionic  salt  impurities  (e.g.  chloride,  sulfate, 
acetate,  etc.)  in  the  polymer  commodities,  particularly  the  polyvinyl 
alcohols,  were  detrimental  to  the  stability  of  the  emulsions;  this  was 
observed  when  the  DNBM  mixture  -  reacting  prematurely  with  the 
impurities  -  produced  yellow-colored  aqueous  solutions  of  Cr(VI)  ion 
with  a  corresponding  loss  in  stability  of  the  colloid. 

The  objective  at  this  point  was  to  separate  the  water  layer  from  the 
stable  colloid  dispersion.  Several  methods  were  available,  and  were 
claimed  to  be  relatively  simple  to  perform  in  the  laboratory  (Ref.  5). 
Following  preliminary  coacer vation  and  phase  separation  experiments, 
which  were  only  partially  successful,  spray  drying  encapsulation 
techniques  were  applied,  and  these  were  found  to  give  reproducible 
results  under  defined  conditions  of  nozzle  size,  flow  rate,  core 
content,  and  polymer  shell  concentration.  The  advantages  of  spray 
drying  applied  to  DNBM-methylcellulose  is  the  ability  to  handle  the 
labile  DNBM  materials  during  the  short  contact  time  in  the  dryer,  and 
the  economy  of  operation  (Ref.  6).  Two  photomicrographs  illustrate 
the  30%  core  microcapsules .  Fig.  3  illustrates  in  dark  and  bright 
field  the  microcapsules  produced  in  a  laboratory-size  spray  dryer 
using  the  D  salt,  quaternary  ammonium  dichromate,  as  the  core 
material.  Particle  size  was  mainly  5  to  30  //m  (microns).  Fig.  4 
shows  30%  core  microcapsules  that  contain  DNBM  prepared  in  a  pilot 
scale  spray  dryer  (commercial  operator).  The  capsules  are  in  the  same 
particle  size  range,  but  there  are  more  30,»m  particles  than  in  Fig.  3. 
It  may  be  noted  that  some  of  the  Fig.  4  microcapsules  contain  little 
or  no  cote  material  as  evidenced  by  a  lack  of  opacity.  This  is 
attributed  to  extraction  by  the  hydrocarbon  immersion  oil  that  is  used 
to  disperse  the  particles  for  photomicrography.  Similar  phenomena 
occur  if  the  microcapsules  are  added  directly  to  the  epoxy  polyamide 
formulation  without  initially  deactivating  the  shell  surfaces. 

Deactivation  of  Microcapsul e  Surfaces 

To  prevent  uncontrolled  diffusion  of  the  primer  solvents  through  the 
cellulose  ether  shell  of  the  microcapsules,  a  means  to  deactivate  the 
shell  surface  was  developed.  Alkoxy  silanes  were  applied  to  the 
capsules  by  a  method  that  is  the  same  as  that  used  to  apply  silanes  to 
waterproof  the  thermal  insulation  tiles  on  the  Space  Shuttle  (Ref.  7) 
Short  chain  siloxanes  are  produced,  not  silicones  that  would 
contaminate  paints  (or  optical  surfaces  on  the  Shuttle). 

A  photomicrograph  of  silanized  microcapsules  that  contain  35%  DNBM  is 
shown  in  Fig.  5  Except  for  size  distribution,  the  particle  size  range 


of  5  to  30/ym  is  similar  to  those  in  Fig.  3  and  4.  Microcapsules 
containing  70%  DNBM  (not  shown)  were  also  prepared  having  a  similar 
size  and  size  distribution.  Fig.  6  drawings  portray  the  geometry  of 
the  three  capsules. 

It  is  likely  that  several  silane  treatment  levels  will  be  required  to 
achieve  different  diffusion  or  disintegration  rates  when  the  treated 
particles  are  added  to  a  working  epoxy  polyamide  primer.  This 
conclusion  is  based  on  NaCl  and  water  diffusivity  studies  in  the  same 
epoxy  system  that  indicate  a  relatively  short  diffusion  time,  a  few 
weeks  to  months,  for  the  NaCl-H20  system  to  pass  through  the  epoxy 
polyamide  primer  coat  to  the  substrate  (Ref.  8). 

Development  of  Optimum  Size  for  DNBM  Microcapsules 

The  standard  epoxy  polyamide  primer  used  on  naval  aircraft  is 
controlled  by  Mil-P-23377,  Primer  Coatings:  Epoxy-Polyamide,  Chemical 
and  Solvent  Resistant.  The  principal  corrosion  inhibitor  pigment  is 
strontium  chromate,  an  inorganic  solid  that  is  effectively  insoluble 
in  the  coating.  As  a  result  of  restrictions  caused  by  the  presence  of 
the  inorganic  pigment,  the  r^snge  of  dry  film  thickness  is  specified 
from  0.6  to  0.9  mils  or  15  to  23  microns.  Upon  initial  consideration 
the  same  requirement  would  seem  to  apply  to  the  DNBM  microcapsules. 
However,  the  microcapsules  are  liquid  cores  surrounded  by  a  thin  shell 
of  deactivated  cellulose  ether.  Thus  it  is  likely  that  the  thickness 
restriction  will  not  be  directly  applicable,  since  the  microcapsules 
are  less  brittle  or  friable  than  the  SrCrC>4  particles  and  should  have 
a  lower  (less  negative)  effect  on  cohesion  than  the  solid  inorganic 
particles.  The  epoxy  polyamide  coatings  may  therefore  be  useful  at 
greater  than  1  mil;  and  particle  sizes  greater  than  23  microns,  from 
25  to  50  microns,  may  be  acceptable.  The  optimum  size  remains  to  be 
determined  through  formulation  and  test. 

Current  particle  size  development  is  directed  at  20-40  pm,  with  a 
minimum  number  of  particles  below  15  pm.  The  latter  restriction 
results  from  calculation  of  the  wall  thickness  for  a  15  pm  or  less 
particle  that  contains  70%  by  weight  DNBM.  The  calculated  wall 
thickness,  utilizing  the  following  equations,  is  0.84  pm,  assuming  the 
density  of  the  polymer  wall  and  core  to  be  equal  to  1.0. 


W 


where  W  =  wall  thickness,  rq 
encapsulate. 


where  Vq  =  volume  of  capsule.  (Ref. 
shell  and  silanization  uniformity. 


rl  “  r 2 

capsule  radius,  r2  =  radius  of 


5' ,  This  is  too  thin  to  obtain 
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Corrosion  Testing  of  DNBM  Microcapsules  in  Epoxy  Polyamide  Coatings 

Corrosion  testing  is  underway  at  Lockheed  and  the  Naval  Air 
Development  Center,  Warminster.  The  MIL-P-23377  epoxy  polyamide 
primer  is  the  control,  and  DNBM  is  being  formulated  as  a  replacement 
for  the  standard  SrCtC>4  inhibitor.  Tests  include  - 

a)  Accelerated  neutral  salt  spray  (fog) 

b)  Copper  accelerated  acetic  acid  salt  spray  (fog) 

c)  Accelerated  weather  resistance  (xenon  arc) 

d)  Corrosion  fatigue  (electrochemical) 

plus  coating  evaluations  to  determine  the  effect,  if  any,  of  the  DNBM 
microcapsules  on  the  working  properties  of  the  primer. 
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200X  OPTICAL  MICROGRAPH,  SAMPLE  NO.7-864 


FIGURE  3.  0  (DICHROMATE)  LABORATORY  EMULSIFICATION  AND  SPD  AY-DRY  PROCESS 


OPTICAL  MICROGRAPH,  SAMPLE  NO. 7-968 


FIGURE  4.  DNBM  MICROENCAPSULATION  SCALE  UP 
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M  MOLYBDATE,  150-150  Mo  24.9  26.37  94.4 

[61%  SOLIDS,  59%  TOLUENE]  (MONOSUBSTI- 

TUTED  SALT) 


TABLE  II.  pH  OF  DNBM  -  NATURAL  SEAWATER  MIXTURES  AFTER  MILD  STIRRING 
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ABSTRACT 


Electrontiynetic  interference (EMI)  seals  are  mandatory  for  all  structural 
joints  in  naval  aircraft  because  of  the  hiyh  electromagnetic  environment  present 
on  aircraft  carriers.  Currently,  a  major  component  used  in  these  seals  is  a  20% 
Zn/Sn  coating  arc-sprayed  onto  an  A1  alloy  substrate.  This  coating  was  found  to 
causing  major  structural  damages  when  exposed  to  navai  environments.  Pits  up  to 
35  mils  deep  on  the  A1  alloy  nave  been  observed  under  the  seal  after  one  year  of 
service  on  F/A-13  aircraft.  A  study  of  this  material,  20%  Zn/Sn  arc-spray 
coating,  has  been  reported  here  in  terms  of  its  compatibility  with  the 
substrate  metal  in  naval  environments. 

INTRODUCTION 

All  naval  aircraft  require  protection  from  the  high  electromagnetic 
environment  present  on  aircraft  carriers.  The  electromagnetic  interference  (Oil) 
seals  used  in  joints  for  this  purpose  prevent  the  reception  as  well  as  broadcast 
of  the  electromagnetic  energy.  The  seals  are  vital  for  the  proper  functioning  of 
avionics  and  for  lightning  strike  protection.  Poor  designs  of  earlier  seals 
have  produced  severe  galvanic  incompatibility.  Seals  made  from  silver-filled 
epoxy  (adhesive  material)  and  Ferrex  braid  systan,  have  shown  excessive 
corrosion  damages  on  substrate  structures,  aluminum  alloys.  Due  to  the  severity 
of  the  carrier  environment,  the  corrosion  damages  have  been  reported  to  be 
oeyond  tne  means  of  simple  corrective  maintenance  efforts.  During  an  Age 
Exploration  Program  Depot  (AEPD)  inspection  in  1984,  extensive  corrosion  and 
pitting,  pits  up  to  70  mils  deep  (the  maximum  correctable  depth  is  10  mils), 
were  found  in  the  aluminum  alloy  structural  materials.  A  quick  solution  was 
instituted  to  replace  the  silver-filled  epoxy  in  the  EMI  seal  with  a  20%  Zn/Sn 
arc-spray  coating.  Schematic  diagrams  of  both  the  old  and  new  seal  designs  and 
an  unexposeu  Zn/Sn/Ferrex  seal  are  shown  in  Figure  1.  •  The  use  of  20%  Zn/Sn 
coating  in  tne  design  was  to  protect  the  structural  algmifiym  alloy  cathodically. 
However,  within  six  months  of  carrier  exposure,  structural  corrosion  damages 
associated  with  the  new  EMI  seal  were  reported  (1,2).  Figure  2  shows  an  example 
of  corrosion  under  the  EMI  seal  and  water  intrusion  on  the  F/A-18  Radar  Nosedome 
Bulkhead.  Additionally,  the  combination  of  corrosion  and  aircraft  vibrations 
caused  corrosive  wear  (dark  areas  in  Figure  2)  of  the  Zn/Sn  coating.  The 
formation  of  corrosion  products  may  also  reduce  the  effectiveness  of  the  EMI 
seal  since  .most  oxides  are  insulators  and  create  a  non-conduct ive  path.'  Thus,  a 
study  of  this  Zn/Sn  coating  material  was  made  and  its  corrosion  behavior  with 
respect  to  the  substrate  .netal  was  investigated. 

Recently,  a  corrosion  inspection  of  F/A-13  aircraft  (AEPD,  Dec  1985)  was 
performed  aft, er  one  carrier  deployment  (3).  It  was  reported  that  the  Dorsal 
Longeron/EMI  ■installation  of  the  F/A-18  revealed  large  accumulation  of  powdery 
residue,  a  corrosion  product.  Corrosion  pits  were  noted  in  areas  that  were 
covered  oy  the  metal  spray  coating.  The  deepest  pits  measured  were  about  0.020 
to  u.035  inch.  The  inspection  report  concluded  that,  one  year  after  the 
application  cjf  the  Zn/Sn' coating  ana  one  carrier  deployment,  the  new  EMI 
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installation  did  not  perform  as  expected. 

The  method  used  for  depositing  the  Zn/Sn  coating  was  electric  arc-spray. 

Tne  material  used  for  this  spray  process  was  in  the  form  of  wire.  Metal 
coatings  aeposited  using  different  thermal  spray  techniques  are  very  similar  in 
structure  and  properties.  A  high  quality,  uense,  well  bonded  coating  can  be 
produced  by  these  processes,  however,  changes  in  processing  parameters  inay 
cause  an  increase  in  coating  porosity  (voids)  and  oxide  content  (4).  figure  3 
snows  a  schematic  of  a  cross  sectional  view  of  such  a  coating  with  possible 
defects.  Wo  matter  what  tne  processing  parameters  are,  there  will  be  always 
some  porosity  involved  with  these  coatings.  The  amount  of  porosity  in  a  typical 
coating  can  range  frem  10  to  15%  of  the  total  volume  of  the  coating.  It  has  been 
shown  that  porosity  leads  to  an  increase  in  corrosion  susceptibility  of  a 
coating  and  also  of  the  substrate  (4,5). 

The  methods  to  reduce  porosity  in  coatings  are  increasing  the  thickness 
and/or  thermo-mechanical  treatment  of  the  coating  after  spraying.  A  technique 
used  to  reduce  porosity  is  glass  Dead  Dlasting  of  the  coated  surface.  However, 
there  is  an  inherent  danger  of  coating  de-adhesion  and  increase  in  corrosion 
susceptibiltiy  of  the  suostrate  with  this  process.  Another  common  method  to 
counteract  coating  porosity  problems  is  to  apply  a  sealant  to  the  coating  wnich 
covers  coating  defects  and  reduces  interfacial  breakdowns  due  to  corrosion. 
However,  candidate  sealants  must  be  conducting  to  allow  EMI  protection.  In  this 
study,  pre- treatments  like  glass  'bead  olasting  and  a  corrosion  preventative 
compound,  MIL-C-<u3u9,  liave  been  tested  for  corrosion  control. 

EXPERIMENTAL  PROCEDURE 

MATERIALS : 

Tne  materials  studied  were:  Al  7U75-T6  panels,  20%  Zn/Sn  wire  ana 
arc-sprayed  chips,  pure  Sn  and  Zn  metal  sheets,  and  Zn/Sn  coated  7149  Al  panels. 
The  Zn/Sn  materials  and  LM1  seal  assemblies  (cf.  Figure  1)  used  in  this  study 
were  provided  by  McDonnell  Aircraft  Corporation. 


TESTS: 

A  shipboard  exposure  test  of  the  2U%  Zn/Sn  arc-sprayed  coating  was 
performed  by  exposing  a  number  of  specimens  to  the  carrier  environment  on  the 
USS  CONSTELLATION  for  six  months.  Salt  spray  (5%  NaCl/SG*)  tests  were  performed 
on  both  the  Zn/Sn/Monel  and  Zn/Sn/Ferrex  braid  Ell  seal  assemblies,  as  shown  in 
Figure  1.  Also  tested  were  7149  Al  panels  with  a  2*/%  Zn/Sn  coating  pretreated 
with  (1)  a  glass  bead  blast,  (2)  a  coating  of  MIL-C-31309,  (3)  a  combination  cf 
(i)  and  (2)  and  (4)  no  pretreatment.  A  cnemical  analysis  of  the  corrosion 
product,  removed  from  the  seal  assemblies,  was  made  after  a  five-day  exposure  to 
SOj/salt  spray.  The  electrochemical  tests  consisted  of  the  corrosion  potential, 
galvanic  corrosion  current  and  potentiodynamic  polarization  measurements.  All 
electrochemical  tests  were  performed  in  a  3.5%  NaCl  (pH2)  solution.  No  special 
surface  cleaning  treatments  were  applied  to  the  coating  before  testing. 

RESULTS  AND  UISSCUSION 

Saipboard  Lxposure: 

The  2w%  Zn/Sn  arc-sprayed  coating  on  the  7149-T7  Al  alloy  showed  severe 
pitting  and  general  corrosion  of  tne  substrate  after  a  six-month  exposure  on  the 
carrier,  USS  CONSTELLATION,  both  tne-  unexposed  and  exposed  test  specimens  from 
the  carrier  were  as  snown  in  Figure  4.  During  the  carrier's  deployment  in  tne 
Indian  ocean,  pitting  corrosiqn  haU  penetrated  tnrougn  the  coating  end  into  tne 
substrate.  A  cross  section  of  an  exposed  carrier  specimen,  in  Figure  5,  shows 
pits  in  tiie  aluminum  substrate  up  to  i2  mils  deep  and,  tne  area  of  the  ponv.1 
wnere  tne  Zn/Sn  coating  was  removed. 
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SOa/Salt  Spray  Chamber  Test: 

Figure  6  shows  severe  corrosion  of  the  Zn/Sn  coating  in  the  FMI  seal 
assembly  after  exposure  for  five  days  in  b'i  NaCi/SOjsalt  spray.  The  corrosion 
product  analyzed  indicated  almost  9b%  leaching  of  zinc  from  the  Zn/Sn  coating 
leaving  the  EMi  seal  enriched  in  on. 

A  7149  Al  panel  coated  with  Zn/Sn,  wmeh  was  ylass  uead  olasted  and  then 
coated  with  MIL-C-BlJZy  and  exposed  to  SOj/salt  spray  is  shown  in  Figure  7.  Note 
that  only  half  of  this  specimen  was  sprayed  with  MIL-C-813(J9.  This  specimen  was 
exposed  for  approxmiately  bu  hours.  Specimens  with  only  tne  MIi,-C-bl(tf39  compound 
and  no  oead-blastiny  were  Xept  24  nours  longer  in  the  St>2/salt  spray  chamber.  In 
all  cases,  MIL-C-biJuy  canpound  appeared  to  increase  the  length  of  time  before 
olisteriny  occurred.  As  snown  on  the  right  naif  of  Fiyure  7,  glass  oead  blasting 
was  very  detrimental  as  it  blistered  the  coating  readily.  But  where  the  MIL-C- 
oi3»)9  coating  was  applieu  on  the  left  half  of  specimen  in  Figure  7,  olisters 
were  observed  to  form  at  a  much  slower  rate  compared  to  the  Zn/Sn  coating 
without  any  pre treatment,  if  the  blisters  on  the  test  specimens  were  touched  by 
a  pin,  tney  would  collapse  implying  gas  (bubble)  formation  during  corrosion. 

This  suggests  tne  ingress  of  corrosive  environment  into  the  coating  eitner  along 
tne  oxide  layers  (cf.  Figure  3)  or  tnrough  pores  within  tne  coating.  A  cross 
sectional  view  of  the  Zn/Sn  arc-spray  coating  on  tne  Al  panel,  shown  in  Figure, 
b,  illustrates  suen  pathways. 

blectrocnemical : 

The  corrosion  potential  measureinents  of  the  coating  material  were  and 
compared  with  7075-Tb  Al  alloy.  It  was  found  that  the  Zn/Sn  arc-spray  material 
was  highly  active  and  closer  to  the  open  circuit  potential  for  Zn  (-B.yb  V  vs. 
SCt.) .  However,  because  Zn  is  highly  electrochemical  active  its  depletion  fran 
the  coating  is  highly  possible.  The  loss  of  Zn  from  the  Zn/Sn  coating  during  tne 
salt  spray  exposure  tests  (cf.  Figure  6)  confirms  this  result.  Depletion  of  Zn 
means  that  the  sacrificai  protective  properties  of  the  coating  is  lost  as  its 
potential  reacnes  closer  to  that  of  Sn  (-2.o5  V),  thus  oecomes  a  cathode 
instead.  In  other  words  coatings  is  enriched  with  Sn. 

A  potential  of  -a. SB  volts  was  applied  to  the  Zn/Sn  coated  714y  panel  until 
tne  anodic  current  (dissolution  current  for  Zn)  reacned  zero.  At  this  potential 
Sn  will  not  corrode  as  it  will  be  a  cathode  and  Zn  will  selectively  dissolve 
away  leaving  the  Zn/Sn  coating  mostly  rich  in  Sn.  Figure  9  shows  a  cross 
sectional  view  of  suen  a  panel  after  the  controlled  potential  test. 

Galvanic  Couples: 

A  galvanic  couple  between  the  7B75-T6  Al  and  Zn/Sn  arc-spray  coated 
material  was  made.  Tne  galvanic  current  between  the  two  specimens  of  equal 
surface  area  was  measured  using  a  zero  resistance  amneter  and  recorded  as  a 
functon  of  time.  It  was  found  that  nigh  initial  yalvjnic  corrosion  current  (SOB 
pA/cm2)  decreased  to  less  than  half  of  tne  value  in  aoout  two  hours  of  exposure. 
This  indicated  that  the  Zn  component  of  tne  Zn/Sn  arc-spray  coating  is 
sacrificed  very  rapidly,  thus,  limiting  tne  coating's  ability  to  protect  tne  Al 
alloy  substrate.  However,  a  galvanic  couple  made  up  of  7075-Tb  Al  and  Zn/Sn 
wire (material  used  for  arc-spraying)  showed  a  significantly  lower  initial 
corrosion  current  (10  pA/ar.z)  and  continued  to  protect  the  Al  alloy  component 
even  after  long  exposures  at  a  steady  protection  corrosion  currrent  of 
approximately  20  pA/crn  .  Dezincif ication  of  the  'Zn/Sn  arc-spray  coating  in  the 
former  couple  will  result  in  u  on  ricn  coating  whicn  wilL  act  as  a  cathode  and 
corrode  the  aluminum,  instead  *of  protecting  it.  Additionally,  tne  corrosion 
product  formed  during  the  selective  oxidation  of  zinc,  wiuen  is  in  tne  LMI  seal 
installation,  will  result  in  the  loss  of  till  protection  (electrical  continuity) 
of  the  structure.  This  agrees  well  with  the  failures  ooserved  on  r'/A-lo 
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specimens (cf.  Figure  6) 


Electrochemical  Polarization: 

A  potential  range  of  -1.3  to  -4). 7  volts  witr  respect  to  a  S.C.E.  reference 
electrode  and  a  scan  rate  of  U.166  mv/sec  was  selected  for  potentiodynamic 
polarization  measurements.  Before  tne  start  of  the  polarization  scan  ,  the 
steady-state  open  circuit  corrosion  potential  was  determined.  Potentiodynamic 
polarization  diagrams  for  Zn/Sn  arc-spray  and  wire  material  were  as  snown  in 
Figure  1U.  The  anodic  polarization  curve  for  tne  Zn/Sn  arc-spray  material  was  at 
a  slightly  higner  potential (less  active)  than  the  Zn/Sn  wire  indicating  a  lower 
dissolution  rate  for  the  arc-spray  coating.  The  anodic  polarization  plot  for  the 
Zn/Sn  arc-spray  coating  at  potentials  more  positive  than  -950  mV  showed  a 
decrease  in  tne  current  due  to  depletion  of  Zn  or  enrichment  of  Sn;  tnis  curve 
represented  the  behavior  of  pure  Sn.  If  there  was  no  uepletion  of  Zn,  the  anodic 
polarization  curve  for  the  Zn/Sn  arc-spray  coating  would  appear  as  the 
extrapolated  pert  as  shown  in  Figure  10.  The  current  densities  for  the  Zn/Sn 
wire  material  were  slightly  higher  tnan  for  the  arc-spray  material,  indicating 
that  certain  changes  nave  occured  in  the  Zn/Sn  material  during  the  arc-spray 
process. 


,  CONCLUSIONS 

The  sacrifical  corrosion  protection  properties  of  the  Zn/Sn  arc-spray 
coating  are  very  terporary  in  nature.  From  the  laboratory  tests,  it  was 
estimated  that  the  protective  nature  of  the  Zn/Sn  coating  may  last  upto  6 
montns.  Initially,  the  coating  offers  a  nigh  degree  of  protection  but  only  for 
a  snort  period  of  time.  This  condition  changes  very  quiculy  because  the  coatiny 
becomes  primarily  rich  in  Sn  and  acts  as  a  cathode,  thereby  causing  the 
substrate,  A1  alloy,  to  corrode.  The  carrier  exposure  tests  have  confirmed  the 
limited  protective  ability  of  the  Zn/Sn  arc-spray,  because  A1  alloy  panels 
exhioited  general  corrosion  and  pitting  during  long  exposures. 

The  interfacial  corrosion  between  the  coating  and  the  A1  alloy  substrate 
caused  blistering  and  created  corrosion  pathways;  porosity  in  the  arc-spray 
coating  was  the  responsible  factor.  Glass  bead  blasting  after  the  arc-spraying 
caused  severe  debonding  of  the  Zn/Sn  coating  and  accelerated  the  rate  of  blister 
formation.  Use  of  Corrosion  Preventative  Compound,  MIL-C-8I309,  reduced  the 
ingress  of  environment  into  the  coating,  thus  enhanced  the  time  before 
blistering  could  be  observed. 
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Figure  1  -  Schematic  of  the  F/A-18  EMI-seal  and  a  photograph  of  the  specimen  used. 
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EXPOSED  10  CARRIER  ENVIRONMENT  FOR  6  MONTHS 


Figure  4  Corrosion  of  arc-sprayed  Zn/Sn  coating  on  7149-T7  Al  in  a  carrier  environment. 
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Figure  5  Cross-section  view  of  Figure  4- 


TOP  VIEW  OF  20%  Zn/Sn 
ARC-SPRAYED  COATINGS  ON  ALUMINUM 
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Figure  8  Cross  sectional  view  of  the  r.n/Sn  coating  on  1 1 4S-T7  Ai  panel. 
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Figure  9  Cross  sectional  view  of  corroded  Zn/Sn  coating  on  71 49-T7  41  after  controlled  potential  test 
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in  a  3.5%  solution  (pH  2). 


STRESS  CORROSION  CRACKING  PROPERTIES  OF  Al-Li  ALLOYS 


3.B.  Lumsden  and  A.T,  Allen 

Rockwell  International  Science  Center 
1049  Camino  Dos  Rios 
Thousand  Oaks,  CA  91360 


Introduction 


Aluminum-lithium  alloys  have  received  much  attention  recently  [1,2]  because 
of  their  potential  for  weight  savings,  with  increased  stiffness,  in  many  types  of  aerospace 
vehicles.  Conventional  aluminum  alloys  can  fail  by  intergranular  stress  corrosion 
cracking  {SCC)  in  specific  environments,  which  has  necessitated  the  development  of  alloy 
compositions  and  heat  treatments  to  increase  SCC  resistance.  Although  experience  with 
conventional  A1  alloys  suggests  SCC  could  be  a  potential  problem  in  Al-Li  alloys,  the 
environmental  effects  for  this  family  of  alloys  have  been  measured  only  to  a  limited 
extent  [3].  This  work  was  undertaken  to  assess  the  SCC  behavior  of  Al-Li  alloys  exposed 
to  choride  solutions,  examining  the  effects  of  strain  rate,  aging  treatments  and  potential. 


Experimental 


The  material  used  in  this  work  was  British  ALCAN  Aluminum  8090  in  the  form 
of  rolled  plate  24.4  mm-thick  and  a  43  mm-thick  rolled  plate  of  Alcoa  2090.  The  com¬ 
positions  arc  shown  in  Table  I.  The  as-received  condition  of  the  8090  was  solution- 
treated  and  stretched  2%,  and  that  of  2090  was  the  T8E41  condition.  Microstructural 
examination  of  the  two  alloys  revealed  pancake-shaped  grains  produced  during  hot 
working.  Tensile  specimens  were  machined  from  the  8090  alloy  in  both  the  longitudinal 
and  short  transverse  directions  having  gauge  lengths  of  14  mm.  Following  machining,  the 
specimens  were  aged  in  an  air-circulating  oven.  The  aging  conditions  were  170°C  for 
4  h,  170°C  for  64  h  and  230°C  for  4  h.  These  thermal  treatments  correspond  to  the 
underaged,  peak  aged  and  overaged  conditions,  respectively.  Tensile  specimens  having  a 
14  mm  gauge  length  were  machined  from  the  2090  material  in  the  short  transverse 


142 


Table  1 


Alloy  Compositions 


Alloy 

Li 

Cu 

Mg 

Zr 

F3 

Si 

A1 

8090 

2.5 

1.2 

0.07 

0.11 

0.08 

Balance 

2090 

5.6 

3.0 

0.25 

0.15 

0.12 

0.1 

Balance 

direction  and  tested  in  the  as-received  condition.  Tensile  specimens  were  also  machined 
from  7475-T6  in  the  short  transverse  direction  and  tested  for  comparison  purposes. 

The  SCC  properties  were  evaluated  using  the  constant  extension  rate  tech¬ 
nique  [4].  Specimens  were  dynamically  strained  while  polarized  potentiostatically  in  a 
deaerated  0.5  M  NaCl  solution.  The  solution  in  the  enclosed  500  ml  cell  was  continuously 
refreshed,  since  preliminary  experiments  indicated  that  dissolution  of  the  Al-Li  alloys 
during  an  experiment  could  raise  the  pH  of  a  stagnant  solution  as  much  as  3  pH  units. 

Pitting  potentials  were  determined  in  a  deaerated  3.5  M  NaCl  solution.  The 
measurements  were  made  by  scanning  the  potential  from  -1400  mV  (SCE)  at  20  mV/min 
at  room  temperate  e. 
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Results  and  Discussions 

Table  2  shows  the  electrochemical  parameters  obtained  from  the  polarization 
curves.  The  Al-Li  alloys  have  a  higher  pitting  potential  than  the  conventional  aluminum 
alloy  /475-T6,  and  their  passive  current  density  is  typically  0.5-1.5  pA/cm  less.  Also, 
the  extent  of  the  passive  range,  the  difference  between  the  pitting  potential  and  the 
corrosion  potential,  is  greater  for  the  Al-Li  alloys.  The  passive  region  of  the  advanced 
alloys  ranges  from  230  mV  for  8090  to  360  mV  for  2090,  compared  to  220  mV  for 
7475-T6. 
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Table  2 


The  Corrosion  Potential,  Ecorr  the  Passivation  Current  Density,  ipg^, 
and  the  Pitting  Potential,  Epjt,  for  A1  Alloys 


Alloy 

Aging 

Conditions 

Ecorr  <SCE> 

*pass 

Epit  <SCE> 

A1  7475 

T6 

-1010  mV 

2  yA/cm2 

-790  mV 

A1 8090 

170°C/4  h 

-960  mV 

0.7  yA/cm2 

-680  mV 

A1  8090 

170°C/64  h 

-945  mV 

0.9  yA/cm2 

-715  mV 

A1  8090 

230°C/4  h 

-970  mV 

1.5  yA/cm2 

-715  mV 

A1  2090 

T8E41 

-1020  mV 

1.5  yA/cm2 

-660  mV 

Table  3  shows  the  slow  strain  rate  results  for  the  A1  8090  alloy  polarized  at 

-700  mV  (SCE).  The  elongation  to  failure  for  the  three  aging  conditions  is  compared  to 

that  in  air  for  the  tensile  axis  laying  both  in  the  short  transverse  and  the  longitudinal 

-7  -1 

directions.  The  strain  rate  was  10  s  .  The  elongation  is  substantially  reduced  by 
exposing  the  alloy  to  the  NaCl  solution.  There  is  no  effect  of  aging  on  SCC  resistance. 
This  SCC  behavior  contrasts  with  that  of  many  conventional  aluminum  alloys,  in  which 
precipitation  hardening  (aging)  at  ambient  or  higher  temperatures  can  have  pronounced 
effects  on  SCC  susceptibility  [5).  Maximum  susceptibility  often  occurs  in  the  underaged 
condition  and  overaging  can  substantially  improve  SCC  resistance. 

Figure  1  shows  the  effect  of  potential  on  the  normalized  elongation-to-failure, 
which  is  the  ratio  of  the  strain-to-failure  in  solution  at  the  indicated  applied  potential  to 
the  strain-to-failure  in  air,  for  8090  in  the  underaged  condition,  2090-T8E41,  and  7475- 
T6.  The  tensile  axis  of  all  alloys  was  in  the  short  transverse  direction.  The  8090  alloy 
has  a  critical  potential  for  SCC,  -750  mV,  below  which  there  is  no  change  in  ductility  (no 
susceptibility  to  SCC).  Above  -750  mV,  there  is  a  rapid  decrease  in  the  elongation-to- 
failure  of  8090  as  the  applied  potential  is  more  anodic,  indicating  high  susceptibility  to 
SCC.  The  SCC  behavior  of  7475-T6  is  reverse  that  of  the  Al-Li  alloy.  The  conventional 
alloy  is  more  suceptible  to  SCC  below  a  critical  potential  (-790  mV),  which  corresponds 
to  the  pitting  potential,  and  more  resistent  to  SCC  above  this  potential.  The  SCC 
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Table  3 


Aging  Treatments  and  Stress  Corrosion  Cracking  Properties  of  8090 


Short  Transverse 

Longitudinal 

Aging 

Elongation 

(Air) 

Elongation 
(-700  mV) 

Elongation 

(Air) 

Elongation 
(-700  mV) 

170°C/4  h 

4.2% 

0.4% 

8.9% 

1.1% 

170°C/64  h 

3.9% 

0.2% 

6.2% 

1.1% 

230°C/  4  h 

3.7% 

0.5% 

7.1% 

1.3% 

Fig.  1  Potential  dependence  of  the  ratio  of  strain-to-failure  of  8090  aged  I70°C  for 
4  hr  2090-T8E41  and  7475-T6. 

behavior  of  2090-T8E41  is  different  from  that  of  8090  and  7475-T6  in  that  an  abrupt 
change  in  SCC  susceptibility  is  not  observed,  although  there  is  a  slow  decrease  in  the 
elongation  ratio  as  the  potential  becomes  more  anodic  between  -800  and  -625  mV.  Using 
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the  elongation  ratio  as  a  measure  of  the  SCC  susceptibility,  209G-T8E41  is  more 
susceptible  to  SCC  in  the  passive  range  of  potentials  than  8090  in  the  underaged 
condition.  However,  near  and  at  the  pitting  potential,  8090  is  much  more  susceptible  to 
SCC  than  2090-T8E41. 

Fractography  was  performed  on  all  specimens.  The  fracture  surface  of  the 
short  transverse  and  longitudinal  tensile  specimens  of  the  Al-Li  alloys  were  the  same  for 
all  aging  conditions.  The  short  transverse  specimens  had  flat,  nearly  featureless  fracture 
surfaces  with  vertical  steps,  suggesting  an  intergranular  fracture.  The  step  height, 
measured  by  stereo  imaging,  corresponds  to  the  short  transverse  grain  size.  The  steps  on 
the  fracture  surface  correspond  to  transitions  of  the  crack  front  from  one  grain  boundary 
plane  to  an  adjacent  one.  Fracture  surfaces  of  specimens  with  the  tensile  axis  in  the 
longitudinal  direction  had  numerous  secondary  cracks  parallel  to  the  tensile  axis.  The 
distance  between  the  secondary  cracks  were  comparable  to  the  grain  size  in  the  short 
transverse  direction.  There  was  no  evidence  that  SCC  cracks  initiated  at  pits. 

Further  work  must  be  performed  to  determine  if  a  hydrogen  mechanism  or  slip 
dissolution  mechanism  applies  to  the  Al-Li  alloys.  The  differences  in  the  SCC  behavior 
of  8090  and  7475-T6  both  as  a  function  of  potential  and  artificial  aging  suggest  that  the 
cracking  mechanisms  are  different  for  the  two  alloys.  These  differences  in  behavior  may 
arise  because  the  crack  tip  chemistry  is  dominated  by  lithium  in  the  Al-Li  alloys,  the 
result  of  which  is  a  basic  crack  tip  solution  and  not  an  acidic  one,  as  in  the  case  of 
conventional  alloys.  The  observed  potential  dependence  of  SCC  susceptibility  above  the 
pitting  potential  and  SCC  resistance  below  the  pitting  potential  for  the  8090  can  be 
explained  both  by  invoking  either  a  hydrogen  mechanism  or  a  slip-dissolution  mechan¬ 
ism.  Hydrogen  is  generated  inside  a  growing  crack  by  the  hydrolysis  of  dissolving  metal 
ions,  which  could  adsorb  on  the  unfilmed  crack  tip  surface  and  penetrate  the  metal. 
Cracking  by  slip  dissolution  most  often  occurs  in  a  potential  region  of  film  instability 
such  as  the  pitting  potential.  SCC  by  slip  dissolution  is  usually  arrested  at  potentials 
above  the  pitting  potential  by  crack  blunting  as  was  the  case  for  7472-T6. 
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TRENDS  IN  UNDERWATER  SHIPBOARD  PAINTS 


by 

Karen  M.  Poole 
Gerard  S.  Bohlander 
George  I.  Loeb,  Ph.  D. 

Current  high  performance  paints,  both  antifouling  and  anticorrosion,  offer 
the  potential  for  long  terra  wariue  service.  The  primary  benefit  of  long  life 
paints  to  the  Navy  is  to  reduce  life  cycle  and  maintenance  costs,  such  as  fuel 
consumption,  labor  costs  for  application  and  surface  preparatipn,  removal  and 
disposal  costs,  and  underwater  maintenance. 

ANTICORROSIVE  COATINGS 

Reducing  the  tendency  of  paints  to  blister  has  been  a  major  research  objective 
in  improving  anticorrosive  coatings.  Paint  blistering  indicates  paint  deteriora- 
ration  and  can  lead  to  corrosion  problems  if  the  blisters  are  broken.  This  is 
of  particular  concern  to  the  Navy  because  the  underwater  hull  cleaning  apparatus 
used  to  rejuvenate  the  standard  Navy  copper  based  antifouling  paint  system  can 
rupture  blisters.  Because  these  blisters  occur  at  the  paint-substrate  interface, 
bare  metal  is  exposed.  In  severe  cases  of  blistering,  it  is  conceivable  that 
increased  exposure  of  bare  metal  could  overstress  the  ship's  cathodic  protection 
s  y  s  t  £  in  • 

The  two  specifications  for  shipboard  underwater  anticorrosive  hull  coatings 
are  MlL-P-24441,  which  describes  two  series  of  epoxy-polyamide  formulations  that 
differ  in  solvent  system  and  include  primer  and  topcoats,  and  M1L-P-23236, 
which  is  a  performance  specification  for  proprietary  coatings.  The  series  of 
formulations  originally  employed  in  MlL-P-24441  are  the  Type  1  coatings,  which 
contain  normal  butanol  and  super  hi  flash  naphtha.  The  second  series  of  formu¬ 
lations,  Type  II,  were  added  to  the  specification  in  1980  as  a  result  of  air 
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pollution  requirements  described  in  California  Rule  66;  these  coatings  contain 
ethylene  glycol  monoethyl  ether,  ethylene  glycol  monobutyl  ether,  and  paint  thinner 
(mineral  spirits). 

Current  research  at  David  Taylor  Naval  Ship  R&D  Center  (DTWSRDC)  to  improve 
anticorrosive  coating  systems  has  been  primarily  concerned  with  blistering  of 
the  Type  II  coating.  Poor  surface  preparation  and  application  procedures  are 
known  causes  of  blistering.  However,  even  with  strict  control  over  these 
variables,  blistering  occurs,  suggesting  that  there  may  be  variables  within  the 
paint  that  should  be  controlled.  These  variables  include  choice  of  solvents, 
choice  of  raw  material  supplier,  combination  of  raw  materials  from  various 
suppliers,  and  blending  procedures. 

Osmotic  blistering  occurs  because  hydrophilic  solvents,  such  as  glycol 
ethers,  collect  at  localised  areas  of  the  paint/substrate  interface.  They  absorb 
water  that  has  permeated  the  film,  creating  an  osmotic  pressure  difference  which 
swells  these  regions.  As  oxygen  and  cations  permeate  the  film,  corrosion 
reactions  occur  and  produce  hydroxyl  Ions  that  cause  further  dclamination  of 
the  film.1  Osmotic  blistering  Is  accelerated  in  the  laboratory  using  hot  water 
immersion  tests.  Elevated  temperatures  and  dilute  immersion  solutions  (less 
than  20  microsiemens  conductivity)  accelerate  the  blistering  process.  The  source 
of  cations  can  be  in  the  paint;  tor  example,  epoxy  resin  contains  sodium  Ions 
that  remain  after  manufacturing. 

The  performance  of  the  Type  I,  Type  II,  and  proprietary  coatings  was 
compared  using  a  hot  water  immersion  test.  A  three-coat  system  of  the  green 
primer  (F-150  only)  and  a  three  coat  system  of  the  green  primer  and  the  light 
gray  and  dark  gray  topcoat  (F-150,  F-151  and  F-154)  were  evaluated  for  both  Type 
T.  and  Type  II.  For  the  proprietary  coatings,  the  systems  recommended  by  the 


manufacturer  were  used.  The  Type  I  and  Type  II  coatings  were  obtained  from 
seven  suppliers  approved  on  the  MIL-P-24441  Qualified  Products  List.  A  coating 
approved  for  use  as  a  standard  in  the  specification  hot  water  immersion  test  was 
also  evaluated. 

The  test  procedure  was  to  immerse  3-  x  5-inch  steel  Q-panels  coated  with  the 
various  paint  systems  in  180°F  deionized  water  for  two  weeks.  The  panels  were 
evaluated  for  blistering  at  3-hour  intervals  using  a  blister  rating  scheme 
based  on  ASTM  1)714.  To  avoid  any  thermal  shock  to  the  coating,  the  test  apparatus 
was  designed  to  allow  the  panel  to  remain  completely  immersed  during  inspection. 
Blister  size  and  blister  density  were  rated  on  a  scale  from  zero  to  ten  in 
increments  of  one,  a  value  of  ten  indicating  no  blisters.  The  two  values  were 
then  combined  mathematically  using  the  following  formula  to  obtain  the  blister 
resistance  rating: 

Blister  resistance  =  (blister  size  x  blister  density)1-/^ 

Blister  resistance  is  dependent  on  both  blister  size  and  blister  density.  The 
above  formula  allows  both  factors  to  be  Incorporated  into  a  single  rating  be¬ 
tween  one  and  ten. 

The  results  are  illustrated  in  Figs.  1,  2,  and  3.  The  Type  I  coatings  were 
more  blister  resistant  than  the  Type  II  coatings  as  indicated  by  the  number  of 
Type  X  coat  lags  yith  blister  tresis  tance  ratings  greater  than  nine,  while  the  Type 
II  coatings  all  have  ratings  below  eight.  Of  the  five  proprietary  coatings 
tested,  only  one  performed  better  than  the  Type  II  coatings.  The  variation  in 
performance  within  each  type  of  coating  suggests  that  there  are  more  than  just 
solvent  effects.  A  proposed  cause  of  this  variation  was  poor  quality  control. 

The  following  specification  tests  were  performed  on  each  of  the  Type  I  and  Type 
II  coatings  to  ensure  quality:  fineness  of  grind,  percent  volatile  content, 
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Fig.  1 
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.  Comparison  of  type  1  and  type  II 
coating  systems  from  different 
vendors  (F150/151/154) .  Letters 
identify  numbers. 
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Fig.  2.  Comparison  of  type  I  and 

and  type  II  coating  systems 
from  different  vendors  (3 
coats  of  F150).  Letters 
identify  vendors. 
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Fig.  3,  Comparison  of  commercial  anti¬ 
corrosive  coatings  with  Navy 
type  II  F150  series  from  dif¬ 
ferent  vendors.  Letters  identify 
vendors . 
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weight  pet  gallon,  and  sag  resistance.  All  of  the  paints  deviated  from  specifi¬ 
cation  requirements  for  at  least  one  of  the  tests;  however,  no  correlation  was 
found  between  nonconformance  to  the  specification  and  blister  performance. 
Another  series  of  blister  tests  involved  studying  the  effect  of  using 
various  combinations  of  MIL-P-34441-apnroved  raw  material  suppliers  for  the 
major  ingredients  —  epoxy  resin,  polyamide  resin,  polyamide  adduct,  and 
solvents.  The  raw  materials  selected  are  from  a  representative  number  of 
suppliers  presented  in  Table  1.  An  experiment  was  designed  using  analysis  of 
variance  to  facilitate  testing  of  the  twenty-seven  paint8  that  resulted  from 
combination  of  tha  major  ingredients.  The  results  of  this  study  Indicated  that 
choice  of  raw  material  supplier  is  significant  for  polyamide  and  polyamide 
adduct  and  that  certain  combinations  of  major  Ingredients  improve  performance. 

Table  1.  Raw  material  suppliers  for  major  ingredients. 


Polyamide 


Polyamide  Adduct 


Epotuf  SF7791 
Genamid  2000 
Unirez  2810 


Epotuf  SF7792 
Versamid  280B75 
Unirez  2180B75 


Epoxy  Resin 

Epon  828 
Araldite  6010 
Der  331 


Ethylene  Glycol 
Monoethyl  Ether 

Union  Carbide 

Eastman 

Shell 


Ethylene  Glycol 
Monobutyl  Ether 

Union  Carbide 
Eastman 


Paint  Thinner 


Varsol  18 
Chevron  350-11 
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In  the  above  series  of  tests,  three  alternative  solvent  systems  for  use  as 
substitutes  for  the  Type  II  system  were  also  evaluated.  The  purpose  of  evaluating 
these  solvent  systems  was  for  possible  replacement  of  the  Type  II  solvent  system 
because  prohibition  of  ethylene  glycol  monoethyl  ether  and  ethylene  glycol  monobutyl 
ether  has  been  proposed.  The  solvent  systems  are: 

a.  n-butanol,  euper  hi-flash  naphtha,  isobutyl  isobutyrate; 

b.  propylene  glycol  monomethyl  ether,  propylene  glycol  monoraethyl  ether 
acetate,  paint  thinner; 

c.  propylene  glycol  monomethyl  ether  acetate,  super  hi  flash  naphtha. 

These  solvent  systems  were  also  evaluated  with  the  combinations  of  raw  materials 
tested  with  the  Type  II  solvent  systems.  The  results  indicated  that  choice  of 
solvent  system  was  also  significant.  The  alternative  solvent  systems  also 
provided  coatings  with  blister  performance  superior  to  Type  II  if  the  combinations 
of  raw  materials  were  selected  based  on  the  blister  test  performance. 

The  conclusions  from  these  studies  are  that:  a)  choice  of  raw  material 
supplier  for  polyamide  and  polyamide  adduct  has  a  significant  effect  on  blister 
performance,  b)  certain  combinations  of  polyamide  and  polyamide  adduct  improve 
blister  performance,  c)  choice  of  solvent  system  has  a  signficant  effect  on 
blister  performance. 

ANTIFOULING  COATINGS 

Research  in  anttfouling  coatings  has  been  directed  at  high  performance 
coatings  with  lifetimes  exceeding  5  years.  The  standard  Navy  antifouling 
paint,  F-121,  is  a  conventional  cuprous  oxLde  coating  which  typically  prevents 
fouling  for  7  to  24  months.  Toxicant  release  in  F-121  occurs  in  two  steps. 

First,  the  soluble  rosin  matrix  dissolves  and  exposes  the  cuprous  oxide, 
pigment  to  seawater.  Then  the  cuprous  oxide  is  dissolved  and  the  cuprous 
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complexes  oxidized  to  cupric  complexes,  producing  the  toxic  cupric  Ion. 
Eventually,  pores  are  created  from  the  insoluble  vinyl  matrix  as  the  soluble 
components  of  the  paint  dissolve.  The  proposed  mechanism  of  failure  is  the 
formation  of  insoluble  cupric  salts  on  the  surface  and  in  the  pores  that  block 
diffusion  of  the  cupric  ion.  Programs  are  underway  at  DTNSRDC  to  evaluate 
commercial  coatings  that  remain  fouling-free  longer  than  the  standard  Navy 
paint.  These  new  coatings  are  primarily  ablative,  or  renewable  surface  type 
paints,  and  organotin  copolymer  coatings.  Ablative  paints  slowly  dissolve 
as  a  function  of  water  velocity  and  temperature  providing  a  fresh  surface  for 
release  of  toxicant.  The  toxicant  is  usually  cuprous  oxide  or  an  organotin 
compound.  The  organotin  copolymer  coatings,  developed  at  DTNSRDC,  effectively 
control  release  rate  of  organotin  by  chemical  bonding  of  the  toxicant  to  the 
binder.  When  immersed  in  seawater,  the  bond  is  slowly  hydrolyzed  and  the  toxi¬ 
cant  released. 

There  are  currently  twelve  antifouling  (AF)  paints  under  evaluation  on 
ship  hulls,  both  commercial  products  and  Navy  formulations,  and  other  formu¬ 
lations  are  being  evaluated  by  static  exposure  panels  and  panels  attached 
to  bilge  keels.  The  paints  under  evaluation  on  ship  hulls  Include  organotin 
copolymer,  organotin/cuprous  oxide  ablative,  cuprous  oxide  ablative  (tin- 
free),  and  F-121  modified  with  ammonium  sulfate.  The  addition  of  ammonium 
sulfate  to  standard  F-121  is  proposed  to  inhibit  formation  of  insoluble 
copper  salts.  The  current  status  of  these  trials  is  summarized  in  Table  2. 

The  DTNSRDC  organotin  copolymer  and  the  commercial  cuprous  oxide  ablative 
formulations  exhibit  excellent  (>99%  fouling  free)  performance  against  hard 
fouling  and  soft  fouling.  The  commercial  cuprous  oxide  ablative  coating  has 
been  under  evaluation  for  6  months.  The  DTNSRDC  organotin  copolymer  coating  is 
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Table  2. 

Current  status 

of  ship  trials 

of  antifouling 

paints • 

Paint 

Service 

To 

Date 

Control 

Against 

Hard  Fouling 

Control 

Against 

Soft  Fouling 

Other 

Organotin 

Copolymer 

Ablative 

70  mos • 

Excellent* 

Some  slime 
and  algae 

Release  rate 
unacceptable 

TBTO  &  Cuprous 
Oxide  Ablative 

60  mos . 

Excellent 

Some  slime 
and  algae 

Organotin 
Copolymer  & 
Cuprous  Oxide 
Ablative 

30  mos . 

Organotin 

Copol  ymer 
(DTNSRDC) 

75  mos . 

Excellent 

Excellent 

Reformulation  to 
optimize  release 
rates 

Cuprous 

Oxide 

39  mos  • 

Excellent 

Excellent 

Paint  has  been 
reformulated. 

Ablative  New  formulation — 

6  mos.  evaluation 

Ammonium  New  trial 

Sulfate 

Modified  F-121 

*  Excellent  ■  99%  fouling  free  performance. 

Acceptable  release  rate  0.1  u  /cm^/day  utilizing  parallel  plate  method. 


currently  being  reformulated  to  optimize  release  rates  of  organotin  to  comply 
with  environmentally  acceptable  release  rates  of  <0. lp/cm^/day  utilizing  a 
parallel  plate  analysis  method.  The  commercial  organotin  copolymer  ablative 
and  TBTO  (tributyltin  oxide)/cuprous  oxide  ablative  coatings  are  excellent 
against  hard  fouling;  however,  some  soft  fouling  (algae  and  slime)  is  present. 
The  release  rate  of  the  organotin  copolymer  ablative  coating  exceeds  the  maximum 
acceptable  value  for  organotin.  The  evaluation  period  for  the  commercial 
organotin  copolymer/cuprous  oxide  ablative  coating  is  still  in  an  early  phase. 
The  ammonium  sulfate  modified  F-121  trial  began  in  November  1986. 
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As  calcareous  foulers  come  under  control,  marine  microbial  blofllms  (slime), 
raacroalgae  (grass),  and  the  roughness  of  the  paint  itself  are  now  becoming  the 
limiting  frictional  factors  for  ship  performance.  A  study  was  performed  to  assess 
the  possible  effects  of  microbial  blofilms  upon  hydrodynamic  drag  under  hydraulic 
conditions  that  reflect  realistic  ranges  of  vessel  operation.  A  friction  disc 
machine.  Fig.  4,  was  used  to  measure  increase  in  hydrodynamic  friction  created  by 
microbial  films  under  various  conditions  of  fluid  flow,  represented  by  the  ro¬ 
tational  Reynold's  number  Rr,  which  is  proportional  to  rotational  speed.  The 
moment  coefficient,  is  proportional  to  drag  on  the  disk  at  a  given  speed,  and 
is  calculated  from  measurements  of  the  torque  required  to  rotate  a  disk  at  con¬ 
stant  angular  velocity.  A  plot  of  Cm  versus  Rr  relates  drag  to  hydrodynamic  flow 
conditions.  The  percent  increase  in  drag  is  100  (Cm  -  0o)/Co,  where  Cra  is  the 
moment  coefficient  of  a  disk  covered  with  a  biofilra,  and  CQ  is  the  moment  coeffi¬ 
cient  for  a  clean  disk.  In  order  to  relate  the  data  derived  from  friction  disk 
experiments  to  realistic  situations,  a  procedure  developed  by  Granville^  can  be  used. 


LIQUID 


FRICTION 

DISC 


Fig.  4.  Hydrodynamic  friction  disc  apparatus. 


158 


This  method  makes  use  of  semi-empirical  theory  to  relate  the  frictional  drag 
experienced  by  a  disk  having  a  particular  surface  character  to  a  large  plate 
of  the  same  surface  character.  The  flow  about  the  spinning  disk  is  characterized 
by  the  rotational  Reynold's  number.  However,  the  flow  past  the  flat  plate  is 
characterized  by  a  different  but  related  Reynold's  number.  Thus,  the  result 
of  the  Granville  transformation  yields  results  over  a  different  speed  range 
for  the  plate  than  for  the  disk.  The  size  of  the  plate  or  vessel  is  important 
in  the  calculation.  Table  3  illustrates  the  drag  of  biofilras.  The  speeds  for 
the  two  plate  lengths  are  obtained  from  from  Granville  transformations  of  the 
friction  disk  experimental  data  and  correspond  to  the  percent  drag  increase 
from  the  biofilm.  Figure  5  illustrates  the  effect  of  biofllm  thickness  to  in¬ 
crease  the  relative  drag  coefficient:  at  high  speed  for  the  rotating  disk  experiment. 
Figure  6  illustrates  the  percent  increase  in  drag  from  bacterial  and  algal  films 
as  predicted  for  flat  plates.  There  are  considerable  differences  in  drag  due 
to  film  thickness  and  type  of  film. 

Table  3.  Drag  change  due  to  biofilm  on  smooth  surface. 

Drag  Increase  Speed  (knots)  of 

due  to  Biofilm  filmed  plated* 

(%)  110-m  plate  140-ra  plate 


2.2 

22 

17 

5.0 

28 

22 

8.0 

35 

27 

10.0 

44 

34 

12.0 

55 

43 

14.0 

70 

54 

*  Hypothetical  speed  determined  using  Granville 
transformations^  of  data  from  frictional 
disk  experiments. 


The  conclusions  from  tests  on  antifouling  coatings  are  as  follows:  a)  AF 
coatings  are  available,  both  commercially  and  as  Navy  formulations,  that  provide 
long  terra  performance  against  calcareous  fouling  organisms,  and  in  some  cases  in¬ 
hibit  slime  and  algae,  b)  frictional  increments  of  the  order  of  10%  are  caused  by 
microbial  biofilms.  Further  research  is  needed  in  the  areas  of  roughness  and 
viscoelastic  properties  of  the  biofilras,  their  tenacity  on  different  types  of 
surfaces,  and  methods  to  control  these  properties. 2 

1.  Funke,  W.  "Blistering  of  Paint  Films,”  in:  Corrosion  Control  by  Organic 
Coatings ,  Edited  by  H.  Leidheiser,  Jr.,  National  Association  of  Corrosion 

Engineers,  Texas  (1981),  pp.  97-102. 

2.  Loeb,  G.I.,  D.  Laster,  and  T.  Gracik,  "The  Influence  of  Microbial 
Fouling  Films  on  Hydrodynamic  Drag  of  Rotating  Discs,"  in:  Marine  Biodeterioration: 
An  Interdisciplinary  Study,  Edited  by  J.D.  Costlow  and  R.C.  Tipper,  Naval  In¬ 
stitute  Press,  Maryland  (1984). 

3.  Granville,  P.S.  "Similarity  Law  Characterization  Methods  for  Arbitrary 
Hydrodynamic  Roughness,  David  Taylor  Naval  Ship  Research  and  Development  Center 
Report  (DTNSRDC-SPD  815-01,  Bethesda,  Md  (1978). 
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CORROSION  OF  TUNGSTEN  ALLOYS  IN  MARINE  ENVIRONMENTS 


K.  L.  Vasanth  and  C.  M.  Dacres 
Naval  Surface  Weapons  Center 
10901  New  Hampshire  Avenue 
Silver  Spring,  MD  20903-5000 


ABSTRACT 

Tungsten  alloys  are  important  for  Navy  applications  because 
of  their  high  density  and  strength.  Very  little  information  is 
available  about  the  corrosion  behavior  of  these  alloys,  although 
tungsten  is  known  to  be  corrosion  resistant.  The  corrosion  behav¬ 
ior  of  -five  tungsten  alloys  in  3.5%  NaCl  has  been  characterized 
using  electrochemical  and  gravimetric  tests.  Laboratory  results 
are  compared  to  results  obtained  from  exposure  to  natural  sea 
water.  The  uniform  corrosion  rate  of  the  alloys  considered  were 
found  to  be  under  2  mils  per  year.  However,  alloys  designated  SI 
and  S2  exhibited  preferential  local  attack.  The  corrosion  in 
these  alloys  occur  between  tungsten  particles  where  matrix  alloy 
precipitated.  Such  an  attack  affects  the  strength  of  these  alloys 
leading  to  fracture,  particularly  under  the  conditions  of  impact 
and  load. 


INTRODUCTION 

In  recent  years,  tungsten  has  found  application  in  many 
weapon  systems.  In  the  form  of  a  liquid  phase  sintered  alloy 
(W-Ni-Fe  or  W-Ni-Cu)  it  is  commonly  used  as  the  armor  piercing 
core  of  medium  to  large  caliber  (>20  mm)  kinetic  energy  ammuni¬ 
tion  (1) .  Recently  tungsten  alloys  have  also  been  used  as  pre¬ 
formed  fragments  in  various  anti-craft  and  anti-missile  warheads 
(1) .  The  cited  application  uses  a  dense  penetrator -core,  of 
either  tungsten  carbide  or  more  recently,  liquid  phase  sintered 
tungsten  alloy,  surrounded  by  a  ballistic  sheath  for  aerodynamic 
purposes.  The  industrial  applications  of  tungsten  alloys  include 
counter  balances,  gyroscope  rotors,  and  radiation  shields. 

The  Navy  requires  high  density  materials  for  armor  piercing 
ammunition.  Of  the  materials  with  densities  over  15  gm/c.c,  only 
two  are  readily  available  and  economical  -  tungsten  and  uranium. 
The  latter,  though  an  attractive  option,  its  use  is  restricted 
because  of  health  hazards  due  to  radiation.  In  addition,  uranium 
alloys  are  known  to  be  susceptible  to  stress  corrosion  cracking 
(SCO)  in  a  variety  of  environments  (2,3).  SCC  in  PHALANX  penetra- 
tors  during  long-term  storage  in  humid  air  has  been  reported,  and 
the  presence  of  oxycarbide  inclusion  was  identified  as  the  cause 
of  the  observed  cracking  (4) . 
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Until  recently,  the  corrosion  of  tungsten  alloys  was  not 
considered  a  problem.  Andrew,  et  al.  (5)  reported  that  a  90%  W, 
7.5%  Ni,  2.5%  Co  alloy  readily  corrodes  when  exposed  to  air  sat¬ 
urated  with  water  vapor.  Levy  and  Chang  (6)  studied  some  tungsten 
heavy  alloys  and  reported  that  97  W-2  Ni-0.7  Fe-0.3  Co  alloy  was 
most  corrosion  resistant  in  solutions  containing  chloride  ions. 
The  tungsten  alloys  containing  nickel  and  iron,  considered  here 
have  not  been  characterized  for  their  corrosion  behavior.  The 
Navy's  interest  is  to  get  an  estimate  of  the  strength  and  shelf 
life  in  an  uncontrolled  environment. 

EXPERIMENTAL 


ELECTROCHEMICAL 

Discs  with  a  diameter  of  1.2  cm  and  a  thickness  of  about  0.4 
cm  were  cut  from  the  alloy  samples  using  a  diamond  disc  saw. 
Specimens  were  mounted  in  epoxy  and  wet  polished  with  320A,  400A 
and  600A  silicon  carbide,  rinsed  with  distilled  water,  acetone 
degreased,  air  dried  and  immediately  used  for  electrochemical 
investigations , 

The  solution  used  for  polarization  resistance  measurements 
and  potentiodynamic  scans  was  3.5  %  NaCl.  3.5  %  NaCl  was  prepared 
using  laboratory  reagent  grade  sodium  chloride  and  distilled 
water.  All  the  electrochemical  investigations  were  made  using  a 
software  driven  EG&G  Model  351  Corrosion  Measurement  System  and 
Potentiostat/Galvanostat  Model  273,  The  open  circuit  potential 
(initial  corrosion  potential)  was  obtained  for  each  system,  by 
allowing  the  specimen  to  stand  in  3.5  %  NaCl  for  a  period  of  30 
minutes  to  an  hour.  The  open  circuit  potential  stabilized  during 
this  period  (  see  Table  1) .  The  potentials  were  measured  using  a 
standard  calomel  electrode. 

Polarization  resistance  measurements.  Polarization  resistance 
(Rp)  measurements  were  made  using  a  three  electrode  assembly.  A  + 
10  mV  potential  range  was  applied  to  the  sample  surface  at  the 
equilibrium  corrosion  potential  (Ecorr) .  A  scan  rate  of  0.1 
mV/sec  was  used. 

Calculation  of  corrosion  rates  using  Rp  values  are  difficult 
because  of  the  inherent  uncertainty  in  the  change  of  Tafel  con¬ 
stants  with  time.  However,  it  is  an  elegant  technique  used  to 
predict  the  trends  in  the  corrosion  rate  with  time. 

Potentiodynamic  polarization  measurements.  Potentiodynamic 
polarization  scans  were  made  for  the  tungsten  alloy  samples  to 
better  characterize  the  corrosion  behavior.  Alloy  samples  were 
allowed  to  stabilize  for  one  hour  prior  to  testing.  The  polariza¬ 
tion  scans  were  run  at  a  scan  rate  of  0.5  mV/sec  beginning  at 
Ecorr  at  intervals  of  1,  96  and  168  hours. 
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IMMERSION  TEST 

The  washed  and  degreased  tungsten  alloy  samples  were  painted 
at  the  bottom  with  AMERCOAT  90,  epoxy  paint,  to  prevent  crevice 
corrosion.  The  paint  was  allowed  to  dry  in  air  for  about  48 
hours.  The  weight  of  each  specimen  was  recorded  and  then  kept 
immersed  in  400  ml  of  3.5  %  NaCl.  The  specimens  were  removed 
from  test  environment  after  5  months,  and  rinsed  under  running 
tap  water,  ultrasonically  cleaned  in  distilled  water  for  ten  min¬ 
utes.  Finally,  the  specimens  were  rinsed  with  acetone,  air  dried 
and  weighed. 

FIELD  TESTS 

16  samples  of  each  alloy  have  been  exposed  to  three  types  of 
test  environments  at  the  NSWC/Ft . Lauderadale  Corrosion  test 
site: 


a)  Continuous  immersion  in  sea  water 

b)  Alternate  immersion  in  sea  Water 

c)  Atmospheric  exposure  to  marine  environment 

For  the  continuous  immersion  test,  pre-weighed  specimens  were 
mounted  on  sample  racks  and  immersed  in  a  flume  containing  sea 
water.  Fresh  sea  water  is  circulated  at  a  rate  of  0.5  gallon  per 
minute. 

For  alternate  immersion  tests,  the  specimens  were  immersed  in 
sea  water  for  one  day  and  for  six  days  kept  exposed  to  the  marine 
atmosphere.  This  test  is  designed  to  determine  the  combined 
effect  of  sea  water  immersion  and  marine  atmospheric  exposure. 

The  atmospheric  exposure  test  involves  a  continuous  exposure 
of  the  specimens  to  the  marine  atmosphere.  In  these  field  tests, 
the  specimens  of  each  alloy  type  will  be  taken  out  at  specified 
intervals,  weighed  and  photographed.  The  first  set  of  samples 
were  taken  out  of  the  continuous  and  alternate  immersion  tests 

3  t  rt  V  D  rtl  UaJ  4  W  T3/\  C  v»  J  v*  i 
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and  weighed.  The  weight-loss  data  was  used  to  compute  the  corro¬ 
sion  rates  and  are  given  in  Table  2.  The  weight-loss  data  and 
calculated  corrosion  rates  obtained  from  the  laboratory  immersion 
tests  in  3.5  %  NaCl,  are  given  in  Table  3  along  with  some  obser¬ 
vations.  The  red-brown  and  yellow  color  of  the  residue  indicates 
the  formation  of  WO2  and  W03  respectively  (see  Table  4)  (7) .  The 

red-brown  corrosion  product  might  have  also  come  from  the  corro¬ 
sion  of  iron  present  in  the  matrix  alloy  between  tungsten 
particles. 


ENERGY  DISPERSIVE  X-RAY  ANALYSIS  (EDAX)  AND  SCANNING  ELECTRON 
MICROSCOPY  (SEM) 

Five  sintered  tungsten  alloys  have  been  investigated.  These 
were  subjected  to  EDAX  in  the  "as  received"  condition  and  after 
sawing  the  machined  surface.  This  was  done  for  identifying  any 
difference  between  the  surface  and  the  bulk  of  the  alloys.  The 
results  of  EDAX  analysis  are  given  in  Table  5.  The  EDAX  spectra 
of  the  machined  and  sawed  surface  in  all  cases  except  type  S2  are 
similar,  and  showed  the  presence  of  iron  and  nickel  as  alloying 
elements,  the  bulk  element  being  tungsten.  The  spectrum  of  "as 
received"  machined  surface  of  S2  showed  traces  of  potassium  and 
calcium  (Figure  1  a)  in  addition  to  the  alloying  elements  iron 
and  nickel,  while  the  sawed  surface  of  the  sample  (Figure  lb) 
indicated  no  such  impurities.  Potassium  and  calcium  that  were 
found  only  on  the  machined  surface  and  not  in  the  bulk  alloy 
could  be  attributed  to  the  use  of  soap  and/or  chalk  powder  in  the 
machine  shop  while  handling  these  samples. 


RESULTS  AND  DISCUSSION 
POIiARI Z ATION  RESISTANCE  MEASUREMENTS 

Polarization  resistance  measurements  were  made  for  each  of 
the  five  types  of  tungsten  alloys  in  3.5  %  NaCl  over  a  period  of 
about  35  days.  Polarization  resistance  versus  time  plots  are 
shown  in  Figure  2.  The  alloys  SI,  S2,  T1  and  T2  show  an  increase 
in  the  corrosion  rate  up  to  48  hours  after  which  the  corrosion 
rate  reaches  an  approximate  limiting  value.  On  the  other  hand  K1 
shows  a  higher  corrosion  rate  up  to  12  hours  but  from  0.5  day  to 
12  days  the  corrosion  rate  decreases  and  eventually  reaches  a 
limiting  value.  This  may  be  attributed  to  the  building  or  thick¬ 
ening  of  the  oxide  film  which  reaches  a  constant  value  with  time. 

Polarization  resistance  versus  time  plots  for  S2,  Tl  and  T2 
show  flat  plateau  regions  approximately  from  3  to  7  days,  9  to  26 
days  and  28  to  34  days.  Between  these  plateau  regions  the  plots 
show  a  dip  indicating  increased  corrosion  rate.  The  corrosion 
rate  remained  almost  constant  in  the  plateau  regions.  This  corro¬ 
sion  trend  indicates  that  an  oxide  film  growth  occurs  on  the 
samples  which  occassionaly  breaks  down  exposing  the  fresh  surface 
leading  to  corrosion. 

A  visual  examination  of  the  specimens  after  polarization 
resistance  studies  at  35  days,  showed  that  SI  and  S2 
were  attacked  at  preferential  sites,  Tl  and  T2  showed  intense 
uniform  corrosion  with  a  reddish-brown  layer  of  corrosion  product 
on  their  surface  and  K1  showed  moderate  uniform  corrosion.  The 
preferential  corrosion  could  be  due  to  a)  mhomogeneity  of  the 
alloy  and  /or  b)  dissolution  of  iron  from  the  precipitated  alloy 
in  grain  boundaries.  Assuming  that  the  dissolution  mechanism  is 
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predominant  in  these  cases,  equation  1  as  suggested  by  Ammar,  et 
al.  (7),  and  presently  proposed  reactions  2  and  3  may  be  occur¬ 
ring  in  addition  to  the  corrosion  of  iron  to  iron  oxide  : 


1) 

2  OH" 

+  wo3 

— 

wo4  2~  +  h2o 

2) 

h2o 

+  wo3 

= 

h2wo4 

3) 

2  NaCl 

+  h2wo4 

— 

Na2W04  +  2  HC1 

and  3 , 

2N'aCl 

+  wo3  + 

h20 

=  Na2W04  +  2  HCl 

POTENTIODYNAMIC  STUDIES 

Potentiodynamic.  scans  were  run  for  all  the  five  types  of 
tungsten  alloys  in  3.5  %  NaCl  solution.  The  epoxy  mounted  pol¬ 
ished  specimens  were  allowed  to  stabilize  for  about  an  hour  in 
3.5  %  NaCl.  Potentiodynamic  measurements  were  made  at  1,  96  and 
168  hour  intervals.  Alloys  Kl,  SI  and  S2  showed  a  decrease  in 
corrosion  rate  while  T1  and  T2  were  still  corroding  at  96  hours. 

A  typical  scan  for  T2  in  3.5%  NaCl  after  one  hour  is  shown  in 
Figure  3.  The  alloy  exhibits  an  active-passive  transition.  Koger 
(9)  has  attributed  the  two  distinct  •'knees”  nearest  to  the 
equilibrium  corrosion  potential  to  pure  tungsten. 

For  the  purpose  of  comparison,  a  bar  chart  of  corrosion  rates 
computed  from  1  hour  potentiodynamic  measurements  is  shown  in 
Figure  4.  It  can  be  seen  that  alloy  type  Kl  has  the  lowest  corro¬ 
sion  rate  and  T2  the  highest  among  the  five  types  considered  for 
study.  These  results  are  correlated  well  with  the  corrosion 
trends  observed  in  the  polarization  resistance  measurements  (Fig¬ 
ure  2)  . 

WEIGHT-LOSS  MEASUREMENTS 

Photographs  of  alloy  samples  immersed  in  3.5  %  NaCl  taken 
after  72  days  and  5  months  are  shown  in  Figures  5  and  6  respec¬ 
tively.  It  is  evident  that  the  intensity  of  corrosion  of  these 
samples  increased  as  a  function  of  time  of  immersion. 

The  corrosion  rates  calculated  based  on  the  weight-loss  data 
in  3.5  %  NaCl  immersion  test  also  showed  that  alloy  Kl  had  the 
lowest  corrosion  rate.  Visual  observation  indicated  that  both  T1 
and  T2  had  uniform  and  intense  corrosion  with  a  brown  corrosion 
layer  on  their  surfaces  while  SI  and  S2  showed  corrosion  at 
selected/preferential  sites.  The  weight  loss  data  from  3.5  %  NaCl 
immersion  tests  showed  that  though  S2  suffered  only  preferential 
corrosion,  it  exhibited  slightly  higher  weight-loss  than 
T1  and  T2 . 
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SEM  and  EDAX 


The  samples  used  for  polarization  resistance  measurements 
were  immersed  in  3.5  %  NaCl  for  more  than  35  days.  These  corroded 
samples  were  carefully  taken  out  of  the  epoxy  mounting  and  sub¬ 
jected  to  SEM  and  EDAX  examination.  Cut  of  five  alloys.  Kl,  T1 
and  T2  exhibited  corrosion  all  over  the  exposed  surface  as  shown 
in  the  SEM  of  alloy  T1  in  Figure  7a.  For  alloys  SI  and  S2,  only 
some  areas  of  the  exposed  surface  were  attacked  as  shown  in  the 
SEM  of  alloy  SI  in  Figure  7b. 

The  SEM  photographs  and  EDAX  spectra  of  the  corroded  samples 
are  given  in  Figures  8-12.  The  common  feature  in  these  alloys  is 
that  the  structure  consists  of  rounded  tungsten  particles 
surrounded  by  a  matrix  alloy  of  Fe-Ni-W. 

The  EDAX  examination  of  the  precipitated  matrix  alloy  between 
the  tungsten  particles  in  sample  Kl  showed  the  presence  of 
W,  Fe  and  traces  of  Ni,Zn,Na  and  Cl  (  Figure  8b).  Na  and  Cl  have 
obviously  come  from  the  NaCl  solution  in  which  the  sample 
was  immersed.  The  EDAX  of  the  corrosion  products  that  appear  as 
lumps  on  tungsten  particles  in  the  SEM  photograph  (Figure  8a) 
also  showed  to  contain  the  same  elements  in  almost  similar 
amounts.  It  can  be  seen  from  Figure  8a  that  the  tungsten  par¬ 
ticles  appear  intact  but  some  what  loosened  due  to  the  corrosion 
of  the  precipitated  matrix  alloy  between  the  tungsten  particles. 


For  alloy  SI,  the  corrosion  was  observed  at  preferential 
local  sites.  The  SEM  photograph  in  Figure  9a  shows  one  such 
attacked  area.  The  attacked  area  consists  of  two  shaded  regions  : 
light  and  dark  gray.  The  dark  gray  shaded  region  on  the  top  side 
in  Figure  9a  is  due  to  thick  corrosion  products  on  the  surface. 
The  light  gray  region  appeared  shiny  and  showed  selective  attack 
between  the  tungsten  particles.  The  shiny  appearance  of  the  area 
indicated  that  the  corrosion  film  had  fallen  off  exposing  the 
fresh  surface  (see  Figure  7b) .  This  was  confirmed  by  the  EDAX  of 
the  light  grey  region  which  was  found  to  show  mostly  w  with 
traces  of  Fe  and  Ni.  On  the  other  hand,  the  thick  corrosion  prod¬ 
uct  was  found  by  EDAX  to  contain  predominantly  Fe,  some  W  with 
traces  of  Ni  and  Cl  as  shown  in  Figure  9b. 

The  SEM  photograph  for  S2  in  Figure  10a  clearly  shows  the 
rounded  tungsten  particles  and  matrix  alloy  precipitated  between 
these  particles.  The  sample  showed  preferential  localized  corro¬ 
sion  as  observed  in  immersion  tests.  The  EDAX  of  the  corrosion 
X^roducts  showed  mostly  Fe,  some  W  and  traces  of  Ni  and  Cl  (Figure 
10b) .  Similar  results  were  obtained  for  SI.  This  shows  that  SI 
and  S2  as  observed  visually  in  immersion  tests  and  by  SEM,  cor¬ 
roded  in  a  similar  manner. 


The  SEM  photograph  for  alloy  T1  in  Figure  11a  shows  that  the 
surface  was  attacked  uniformly.  Some  "hilly"  spots  of  thick  cor¬ 
rosion  products  were  found  on  the  surface.  EDAX  analysis  of  these 
spots  showed  very  little  of  W,  more  Ni  than  Fe  and  a  large  pro¬ 
portion  of  Cl  (Figure  lib) .  The  high  content  of  Ni  was  also  found 
in  the  fresh  sample  as  shown  in  Table  4,  and  appears  to  have  con¬ 
centrated  in  the  matrix  alloy  between  the  tungsten  particles. 

The  results  of  SEM  and  EDAX  for  alloy  T2  (Figure  12  a  and  b) 
are  similar  in  nature  to  those  found  for  T1  except  that  the  cor¬ 
rosion  product  contained  large  proportion  of  Fe  and  only  traces 
of  Ni.  Both  alloys  T1  and  T2  showed  uniform  corrosion  all  over 
the  surface  unlike  SI  and  S2,  where  only  some  areas  of  the  sur¬ 
face  were  attacked. 


SUMMARY 

1.  The  laboratory  immersion  tests  in  3.5%  NaCl  showed  that 
the  alloy  K1  has  the  lowest  corrosion  rate  and  the  alloy  S2  the 
highest. 

2.  The  lowest  corrosion  rate  observed  for  alloy  K1  may  be 
attributed  to  the  high  content  of  tungsten  and  low  content  of 
iron  as  indicated  by  EDAX  analysis. 

3.  'The  alloys  Ki,  Ti  and  T2  exhibited  uniform  corrosion,  and 
preferential  corrosion  was  observed  in  the  case  of  SI  and  S2. 

4.  The  SEMs  of  corroded  alloys  showed  corrosion  at  the  matrix 
alloy  precipitated  between  rounded  tungsten  particles. 

5.  The  EDAX  analysis  showed  that  all  the  alloys  contained  Fe 
and  Ni  as  alloying  elements  to  start  with. 

6.  The  magnitude  of  corrosion  rate  for  the  five  tungsten 
alloys  is  less  than  2  MPY . 
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TABLE  2 

RESULTS  OF  2  MONTHS 
IMMERSION  IN  SEA  WATER 


TABLE  3 

RESULTS  OF  5  MONTHS 
IMMERSION  IN  3.5%  NaCI 
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TABLE  5 

9*  EDAX  ANALYSES  SUMMARY 
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EDAX  SPECTRA  OF 
TUNGSTEN  ALLOY  S2 


POLARIZATION  RESISTANCE  VS  TIME 

TUNGSTEN  ALLOYS  IN  3.5%  NaCI 


TIME  IN  DAYS 

Figure  2 


POTENTIODYNAMIC  SCAN  FOR 
ALLOY  T2  IN  3.5  %  NaCI 


b.)  SEM  OF  ALLOY  SI  (8x)  SHOWING  LOCALIZED  CORROSION. 


a. )  SEM  Or  ALLOY  K1  (500x)  AFTER  J5  DAYS  IMMERSION  IN  3.5%  NaCI. 

b. )  EDAX  OF  CORROSION  PRODUCT. 


a.  b. 

a. )  SEM  OF  ALLOY  S2  (1000x)  AFTER  35  DAYS  IMMERSION  IN  3.5%  NaCI. 

b. )  EDAX  OF  MATRIX  ALLOY  BETWEEN  TUNGSTEN  PARTICLES. 


a.  b. 

a. )  SEM  OF  ALLOY  T1  (50Gx)  AFTER  35  DAYS  IMMERSION  IN  3.5%  NaC|. 

b. )  EDAX  OF  THICK  "HILLY"  SPOT  OF  CORROSION  PRODUCTS. 


f  b. 

a. )  SEM  OF  ALI  C  /  T2  (500x)  AFTER  35  DAYS  IMMERSION  IN  3.3%  NoCI. 

b. )  EDAX  OF  THICK  CORROSION  PRODUCTS 


Figures  10  (top),  11  (center)  and  12  (bottom), 


CORROSION  ANO  FATIGUE  PROPERTIES  OF  FeCrO/Si  METALLIC 
GLASS  WIRES  IN  AQUEOUS  ENVIRONMENTS 


Anh  H.  Le  and  Lawrence  T.  Kabacoff 
Naval  Surface  Weapons  Center,  White  Oak 
10901  New  Hampshire  Avenue 
Silver  Spring,  Maryland  20903-5000 


ABSTRACT 

Measurements  have  been  made  of  the  corrosion  and  fatigue  properties  of 
metallic  glass  wires  of  composition  Ee75_xCr)(0 jgSi  ip( X  =  5,  8,  11)  in  air, 
deionized  water,  3.5  w/o  NaCl  and  1.0  N  H2SO4.  A  clear  inverse  relationship 
was  observed  between  tne  corrosion  rate  and  the  number  of  cycles  to  failure. 
Fatigue  limits  were  observed  for  tnose  cases  where  spontaneous  passivation 
occurs  (all  compositions  in  air  and  deionized  water,  and  8  and  1!  a/o  Cr  in 
chloride  solution).  It  was  found  that  tne  mechanism  for  the  fatigue  failure 
of  specimens  which  spontaneously  passivate  differs  from  that  of  metallic 
glasses  in  acidified  chloride  environment  where  active/passive  behavior  is 
observed.  A  model  is  proposed  to  explain  this  observation. 

INTRODUCTION 

Transition  metal -metal  loid  metallic  glasses  containing  principally  Fe  and 
Cr  have  long  been  known  to  exhibit  high  strenyth  and  toughness  (I),  as  well  as 
remarkable  resistance  to  corrosion  (2).  In  spite  of  these  outstanding 
properties,  commercial  development  of  these  materials  has  been  confined  to 
magnetic  applications,  most  notably  power  distribution  transformers  and 
transducers.  Early  on,  fatigue  measurements  clearly  showed  that  the  metallic 
glasses  then  available  were  unsuitable  for  such  structural  applications  as 
tire  cord  and  flywheels  (1). 

All  of  these  fatigue  measurements  were  made  on  metallic  glass  ribbons 
which  were  produced  by  some  form  of  continuous  chill  block  casting.  Such 
ribbons  tend  to  have  irregular  surfaces  and  large  local  variations  in  ribbon 
thickness.  Recently,  a  new  fabrication  technique  has  been  developed  in  which 
a  stream  of  melt  is  injected  into  a  moving  layer  of  a  water  solution  (3,4). 

The  moving  water  layer  is  established  on  the  inside  of  a  rotatiny  drum.  The 
speed  of  tne  melt,  the  speed  of  the  water,  and  the  angle  of  entry  are  matched 
in  such  a  way  that  the  meU  stream  solidifies  into  a  smooth,  uniform  wire  with 
a  round  cross  section.  The  quench  rate  achievable  by  tnis  technique  is  quite 
high,  and  wires  of,  for  example,  amorphous  Fe-G-Si  have  been  produced  with 
diameters  as  high  as  160  microns  \,4). 

A  number  of  fatigue  measurements  have  been  made  on  metallic  glass  wires, 
mostly  in  an  environment  of  either  moist  air  or  deionized  water  (5).  The 
"esuits  may  be  summarized  as  follows:  (1)  the  tatiyue  properties  of  the 
metallic  glass  wires  are  greatly  superior  to  those  of  ribbons  of  similar 
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composition ;  (2)  the  fatigue  limit  is  clearly  a  function  of  tne  corrosion  rate 
reyardless  of  whether  the  implicit  parameter  is  composition  or  corrosi veness 
of  the  environment;  (3)  Fe-based  metallic  glass  wires  with  a  moderate  amount 
of  Cr  have  fatigue  properties  in  deionized  water  superior  to  those  of  304 
stainless  steel.  Based  on  the  dependence  of  the  fatigue  properties  on 
corrosion  rate,  and  on  the  results  of  stress  corrosion  measurements  made  on 
metallic  glass  ribbons  in  an  acidic  chloride  environment,  it  was  proposed  that 
fatigue  failure  resulted  from  hydrogen  accumulation.  The  difference  in 
fatigue  properties  between  wires  and  ribbons  was  attributed  to  the  better 
surface  smoothness  of  wires. 

In  this  report  we  extend  tne  corrosion  and  fatigue  measurements  to 
include  3.5  weight  percent  (w/o)  NaCl  and  1  .(J  N  f^Si^  and  present  evidence 
that  the  failure  mechanism  in  the  chloride  solution  is  substantially  different 
from  nat  has  been  observed  previously  for  wires  in  an  acidic  environment 
containing  chloride.  The  compositions  selected  were  Fe^r  vCrut3lirSi1n(x  =  5, 

8,  11).  75~X  X  J5  10 

EXPERIMENT 

Potentiodynamic  and  pitting  scans  were  obtained  utilizing  an  EB&U 
Corrosion  Measurement  Console  (Model  350A).  The  three-electrode-cell 
consisted  of  a  working  electrode,  a  graphite  counter  electrode  and  a  SCE 
(saturated  calomel  electrode)  reference  electrode.  Solutions  of  3.5  w/o  NaCl 
and  1.0  N  H^SO^  were  prepared  from  analytical  grade  chemicals  and  deionized 
water.  Measurements  were  made  at  room  temperature  in  aerated  solutions.  The 
initial  potential  for  potentiodynamic  curves  was  set  at  250  mV  below  the  open 
circuit  potential.  The  scan  rate  was  1  mV/sec. 

Bending  fatigue  measurements  were  made  on  wire  specimens  of  each 
composition  immersed  in  either  3.5  w/o  NaCl  or  HgSO^.  In  addition,  selected 
measurements  were  made  in  air  (6b%  RH)  and  deionized  water  in  order  to 
compare  our  results  with  those  previously  reported.  The  apparatus  used  is 
illustrated  in  Figure  1  and  is  similar  to  that  used  by  Hagiwara  etal.  (b). 

The  strain  is  produced  by  passing  a  wire  specimen  over  a  pulley,  which  is 
immersed  in  the  medium  of  interest.  The  maximum  strain  is  controlled  by  the 
diameter  of  the  pulley  and  is  determined  by  the  relation: 

A  =  d/(d  +  0) 

where  the  d  is  the  diameter  of  the  wire  and  U  is  the  diameter  of  the  pulley. 
The  measurements  were  made  at  room  temperature  in  aerated  solutions  using  the 
same  solutions  that  were  used  for  potentiodynamic  measuremeints.  The 
repetition  rate  was  four  passes  over  the  pulley  per  second. 

In  order  to  investigate  the  role  of  hydrogen  in  fatigue  failure  of  these 
metallic  glass  wires  in  a  seawwater  environment,  wires  with  8  and  II  a/o  Cr 
(which  exhibit  a  fatigue  limit  in  the  chloride  solution)  were  subjected  to 
bending  fatigue  in  the  3.5  w/o  NaCl  solution  as  described  above  except  that 
the  application  of  strain  was  interrupted  prior  to  failure.  Some  wires  were 
then  baked  out  in  an  oven  at  12b°C  for  15  minutes  (which  is  sufficient  to 
remove  any  accumulated  hydrogen  but  insufficient  to  produce  structural 
relaxation,  as  determined  by  ductility  tests  (5).  The  other  wire  specimens 
were  also  removed  from  the  pulley,  but  allowed  to  sit  in  the  solution  instead 
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of  being  baked  out.  The  wires  were  then  returned  to  the  pulley  and  the 
application  of  cyclical  strain  was  continued.  The  pulley  diameter  was  chosen 
such  that  failure  could  be  expected  to  occur  in  forty  or  thi rty-ei ght  minutes 
(for  8  and  11  a/o  Cr  respectively)  if  the  application  of  bending  strain  were 
not  interrupted.  The  baking  (or  "resting"  time)  was  fifteen  minutes,  as  was 
the  time  for  application  of  cyclical  strain.  Thus,  the  time  sequence  was 
fifteen  minutes  "on"  and  fifteen  minutes  "off",  cycled  repeatedly, 

RESULTS  AND  DISCUSSION 

Figure  2  shows  polarization  curves  for  amorphous  wires  in  3.5  w/o  NaCl 
solution.  The  wires  containing  5  a/o  Cr  display  an  active/passive  behavior, 
while  tne  8  and  II  a/o  Cr  specimens  exhibit  complete  passivity.  As  expected, 
the  corrosion  current  density  and,  therefore,  the  corrosion  rate  decreases 
with  increasing  Cr  content.  All  three  compositions  exhibited  active/passive 
behavior  in  1.0  N  H^S04  as  illustrated  in  Figure  3.  Once  again,  the  corrosion 
current  decreased  witn  increasing  a/o  Cr. 

Pitting  potentials  varied  only  slightly  as  a  function  of  composition  in 
trie  NaCl  solution  (1.20  V/SCE  for  b  and  8  a/o  Cr  and  1.170  V/SCE  for  II  a/o 
Cr).  This  is  illustrated  in  Figures  4,  b  and  6,  which  show  pitting  scans  for 
b,  8  and  II  a/o  Cr  in  3.b  w/o  NaCl,  respectively.  It  is  also  apparent  from 
these  figures  that  the  nysteresis  is  extremely  small,  indicating  a  very  low 
rate  of  crevice  corrosion.  In  l.U  N  ff>S04  all  of  the  pitting  potentials  were 
the  same  (0.966  V/SCE). 

Figures  7,  8  and  9  illustrate  the  number  of  cycles  to  failure  as  a 
function  of  maximum  bending  strain  for  5,  8  and  11  a/o  Cr,  respectively. 
Fatigue  limits  were  observed  for  each  composition  in  air  and  deionized  water, 
and  for  8  and  II  a/o  Cr  in  3.5  w/o  NaCl.  Our  data  on  moist  air  and  deionized 
water  agree  very  well  with  previously  published  data  by  Hagiwara  et.al.(7). 
Comparison  of  Figures  2  and  3  with  Figures  7,  8  and  9  clearly  show  the 
relationship  between  corrosion  rate  and  fatigue  limit  (or  number  of  cycles  to 
failure),  and  that  failure  occurs  through  a  corrosion  fatigue  mechanism. 

The  results  of  the  experiment  in  which  the  cyclical  application  of 
bending  strain  was  periodically  interrupted  were  somewhat  surprising.  As 
described  in  the  preceding  section  wire  specimens  in  3.5  w/o  NaCl  were 
subjected  to  cyclical  bending  strain  for  fifteen  minutes,  then  baked  for 
fifteen  minutes.  Without  interruption,  failure  would,  for  the  strain  chosen, 
occur  after  forty  minutes.  This  was  repeated  (fifteen  minutes  on,  fifteen 
off)  for  eight  hours  without  failure  (a  total  of  four  hours  of  strain 
application).  This  is  consistent  with  the  hypothesis  that  failure  is  due  to 
accumulation  of  hydrogen.  What  was  surprising  is  that  the  control  specimens, 
which  were  not  baked  but  were,  rather,  kept  in  the  chloride  solution  during 
the  "rest"  period,  also  experienced  no  fatigue  failures.  In  both  cases,  after 
the  eight  hours  testing,  cyclical  strain  was  applied  without  interruption 
until  failure.  The  time  to  failure  in  both  cases  was  approximately  the  same 
as  would  be  obtained  for  a  "virgin"  specimen-.  Since  the  control  specimens 
remained  in  the  solution,  there  was  no  removal  of  hydrogen.  Thus,  the  bulk 
accumulation  of  hydrogen  could  not  have  been  the  cause  of  the  fatigue  failure 
in  this  case. 

Extensive  work  has  been  done  by  Hashiinoto  et,  a  1 .(/,«)  on  the  mechanical 
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CURRENT  DENSITY  (nA/cm2) 


FIGURE  2.  POTENTIODYNAMIC  CURVES  OF  AMORPHOUS  Fe75.xCr 
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FIGURE  4.  PITTING  SCAN  OF  AMORPHOUS  Fe70Cr6B15Si1£|  IN  3.5%  NaCI 
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failure  of  metallic  glass  ribbons  in  acidic  ch 1  or i de  environment.  This  work 
includes  tensile  testing  in  a  corrosive  environment  (with  interruptions  and 
baking  similar  to  what  was  done  in  the  present  study)  and  examination  of  the 
fracture  surfaces.  The  evidence  for  brittle  failure  in  an  acidic  environment 
due  to  bulk  accumulation  of  hydroyen  is  convincing.  It  is  interesting  to 
note,  however,  that  fracture  surfaces  produced  by  failure  in  a  neutral 
chloride  environment  differed  from  those  produced  in  an  acidified 
environment.  It  should  also  be  noted  that  fatigue  limits  were  observed  only 
in  cases  of  spontaneous  passivation.  In  the  case  of  an  acidic  environment  or 
low  chromium  content  in  a  neutral  chloride  environment,  the  general  corrosion 
rate  is  relatively  high,  with  hydrogen  formed  uniformly  over  the  surface.  In 
the  case  of  spontaneous  passivation,  corrosion  occurs  primarily  in  cracks 
created  in  the  passive  film  by  the  application  of  strain.  Thus,  it  is 
reasonable  to  assume  that  the  failure  mechanism  in  the  two  cases  will  be 
substantially  different. 

A  reasonable  hypothesis  for  fatigue  failure  in  the  case  of  the 
spontaneously  passivatiny  specimens  is  that  cracks  in  the  passive  film  admit 
solution  to  the  bare  metal  surface  resulting  in  very  rapid  dissolution  and 
formation  of  a  "crevice".  This  bare  surface  repassivates  very  quickly  with 
the  new  passive  film  thickening  over  a  period  of  time.  If  strain  is  again 
applied  while  the  passive  film  in  the  crevice  is  still  thin,  a  new  crack  will 
form  in  the  crevice.  Repeated  application  of  strain  will  result  in  the  growth 
of  this  crevice.  Failure  occurs  when  a  critical  size  is  reached.  Since  the  pH 
in  the  crevice  can  be  much  lower  than  in  the  bulk  solution  (9),  it  is  possible 
that  some  local  accumulation  of  hydrogen  occurs.  If  the  cyclical  application 
of  strain  is  interrupted,  the  new  passive  film  in  the  crevice  thickens  until 
it  is  no  longer  the  weakest  point  and  the  next  application  of  strain  does  not 
necessarily  form  a  crack  in  the  passive  film  at  that  site.  If  local  hydrogen 
accumulation  is  a  contributing  factor  to  failure,  the  interruption  in 
application  of  strain  allows  diffusion  of  hydrogen  away  from  the  site.  More 
data  will  be  needed  in  order  to  determine  the  validity  of  this  hypothesis, 
including  measurement  of  the  kinetics  of  passive  film  formation,  rates  of 
hydrogen  diffusion  in  these  metallic  glasses,  and  a  closer  examination  of  the 
effects  of  composition  and  pH  on  both  the  fatigue  properties  and  passive  film 
formation.  Experiments  to  obtain  this  information  are  in  progress. 
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ABSTRACT 


3-dimensional  abrasive  products  have  a  long  history  of  use 
in  corrosion  prevention  and  corrosion  repair.  Not  only  do 
they  generate  better  surfaces  for  painting  and  coating,  thus 
offering  better  protection,  but  they  are  used  for  stress 
control  and  to  remove  corrosion  and  deteriorated  coatings. 

This  paper  describes  the  aoility  of  these  products  to 
perform  in  corrosion  related  situations.  Specific 
application  areas,  such  as  munitions  reclaimation,  airframe 
maintenance,  ground  vehicle  repair  and  plant  refurbishing, 
are  highlighted.  Additionally,  the  chemical  nature  of  a 
surface  together  with  its  physical  characteristics  are  shown 
to  be  the  foundation  for  corrosion  prevention. 


Presented  at  the  Tri-Service  Corrosion  Conferences,  May, 
1987,  Colorado  Springs,  Colorado. 
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SURFACE  CONDITIONING  PRODUCTS  AS  TOOLS  FOR  CORROSION  REMOVAL  AND 
CORROSION  PREVENTION  -  by  Joseph  J.  Claus,  Specialist,  3M, 

St.  Paul,  Minnesota 


Abstract ; 

3-dimensional  non-woven  abrasive  products  have  a  long  history  of  use 
in  corrosion  prevention  and  corrosion  repair.  Not  only  do  they 
generate  better  surfaces  for  painting  and  coating  thus  offering  better 
protection,  but  they  are  also  used  for  stress  control  and  to  remove 
corrosion  and  deteriorated  coatings. 


This  paper  describes  the  ability  of  these  products  to  perform  in 
corrosion  related  situations.  Specific  application  areas,  such  as 
munitions  reclamation,  airframe  maintenance,  ground  vehicle  repair, 
and  plant  refurbishing  are  highlighted.  Additionally,  the  chemical 
nature  of  a  surface  together  with  its  physical  characteristics  are 
shown  to  be  the  foundation  of  corrosion  prevention. 


A  few  years  ago  the  National  Bureau  of  Standards  estimated  that 
corrosion  costs  in  the  United  States  exceeded  70  billion  dollars 
annually.  Although  that  amount  may  have  changed  some  the  last  year  or 
so,  the  enormity  of  the  bill  is  staggering.  Perhaps  few  people  are  as 
aware  of  corrosion's  insidious  effects  as  are  those  in  the  Armed 
Forces.  Vehicles,  ammunition,  equipment,  buildings,  and  other  goods 
are  exposed  to  the  widest  variety  of  environments  possible.  Exposure 
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Everything  deteriorates.  Whether  it  is  a  wooden  fence  post  in  the 
ground,  or  a  plastic  component  of  an  automobile,  or  one  of  the  noble 
elements,  say  gold,  as  a  finger  of  a  printed  circuit  board,  some  type 
of  degradation  of  the  material  is  taking  place.  The  term  corrosion 
has  been  used  to  identify  some  of  the  more  common  and  visible  types 
of  deterioration  that  occurs  around  us.  Other  examples:  red  rust  in  a 
pile  of  scrap  metal;  crazing,  cracking,  color  fading  of  plastic 
containers;  the  cable  clamps  on  the  terminal  of  a  battery.  One  of  the 
laws  of  nature  is  that  materials  tend  to  return  to  their  least 
energetic  state.  In  that  process  of  returning  it  is  the  corrosion 
that  manifests  itself  to  us  as  evidence  of  the  return  to  that  state. 


Since  corrosion  most  always  initiates  at  the  interface  or  outer 
surface  of  materials,  a  brief  review  of  the  nature  of  surfaces  seems 
appropriate  at  this  point.  While  the  model  that  is  presented  here  is 
primarily  for  metals,  the  analogy  can  also  be  transferred  to  other 
materials  as  well. 


The  surface  can  be  considered  a  multi-layered  transition  region 
between  a  gas  and  a  solid.  Figure  1  depicts  a  conceptualized 
cross-sectional  view  of  the  transition  region  of  a  metal  surface.  The 
layer  directly  above  the  bulk  material  is  a  segregated  region  which  is 
enriched  in  alloying  elements  that  are  driven  to  the  outer  boundaries 
from  the  bulk  by  thermodynamic  forces  in  the  natural  process  of  energy 
minimization.  When  elements  of  the  segregated  layer,  as  well  as  the 


to  these  environments  is  often  under  less  than  favorable  conditions. 
Even  with  the  best  of  preventive  measurements,  deterioration  of  parts, 
components,  and  all  systems  is  experienced  due  to  the  effects  of  poor 
protection,  constant  exposure,  or  even  ordinary  use. 


The  purpose  of  this  paper  is  to  facilitate  an  awareness  of  a  family  of 
products  that  have  been  successfully  used  for  the  preparation  of 
materials  for  corrosion  prevention,  and  which  have  shown  themselves  to 
be  effective  in  the  removal  of  the  bx-products  of  corrosion.  3- 
dimensional  abrasive  products  and  rotary  peening  materials  surface 
condition  the  metals,  wood,  plastics,  glass,  etc.  which  are  used  to 
manufacture  the  goods  and  equipment  that  are  used  almost  daily.  These 
surface  preparation  products  work  because  of  their  open,  non-loading, 
durable  properties. 


3-dimensional  nonwoven  abrasive  products  are  composed  of  three 
materials;  fiber,  resin  and  mineral.  The  fiber  forms  the  backbone  to 
which  the  mineral  is  held  with  a  resin  system.  When  used  properly  the 
product  gives  controlled  cut,  that  is,  it  will  remove  surface 
materials  without  dangerously  undercutting  or  gouging.  In  many 
instances  the  products  are  ideal  for  spot  repair  and  for  feathering 
areas  adjacent  to  old,  intact  coatings.  Depending  on  the  construction 
and  use  of  the  product,  a  wide  variety  of  aggressiveness  can  be 
selected:  one  form  of  these  products  will  not  even  scratch  glass, 
another  form  will  be  so  aggressive  that  abrasion  of  a  hardened  steel 
surface  can  occur. 
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material  of  the  base  metal,  combine  with  oxygen  from  the  atmosphere, 
the  reaction  products  form  what  is  identified  as  the  oxidized  layer. 
On  top  of  this  develops  the  chemisorbed  layer  which  contains  compounds 
which  are  formed  from  chemicals  in  the  surrounding  environment  and 
which  are  strongly  bonded  to  the  substrate.  Finally,  on  top  of  this, 
exists  a  region  of  weakly  bound  materials  from  the  environment.  This 
outer  most  or  physisorbed  layer  is  easily  removed,  even  by  imaging, 
but  in  the  process  new  material  is  immediately  available  to  take  its 
place.  Actually,  the  surface  is  an  intermixing  of  these  layers. 


A  typical  metal  surface,  such  as  that  found  on  steel,  and  depicted  in 
Figure  2,  has  important  chemical  and  topigraphical  characteristics. 
The  bulk  consists  of  iron,  along  with  alloying  and  trace  elements  (Li, 
C,  Na,  Mg,  Al,  S,  Mn) .  The  surface  region  (some  10-80  angstroms  deep) 
includes  the  layers  previously  identified  which  are  composed  of  iron 
oxides,  segregated  element  oxides,  and  compounds  of  Ca,  Na,  Cl,  S,  P. 


Surface  irregularities  are  also  typical  of  most  steel  surfaces,  such 
as  scratches,  gouges,  fissures,  and  dents,  in  which  rolling  oils, 
processing  fluids,  and  other  environmental  contaminants  can  be 
trapped.  Finally  the  physisorbed  layer  contains  water,  carbon  dioxide, 
oxygen,  dust,  dirt,  fingerprints,  etc.,  and  other  contaminants. 

It  is  clear  then  that  mecal  surfaces  have  a  chemical  nature  that  is 
very  different  from  the  bulk  metal.  Frequently  these  chemical 
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differences  are  detrimental  and  must  be  removed  by  a  cleaning  process 
for  optimum  performance  in  coating,  bonding,  and  other  surface 
sensitive  application  areas. 

Analogously  what  is  true  of  metal  surfaces  can  also  be  extended  to  the 
surfaces  of  most  other  materials.  In  other  words,  there  is  a  region 
of  contamination  on  the  exterior  of  most  materials,  which 
makes  it  difficult,  and  sometimes  impossible,  to  adequately  protect, 
bond,  weld,  coat,  or  make  proper  use  of. 

Ideally,  in  preparing  new  materials  for  operation  in  normal  or  severe 
environments,  adequate  preparation  of  their  surfaces  for  the 
protective  system  is  important  as  a  way  to  postpone  the  effects  of 
corrosion.  Similarly,  in  the  repair  of  contaminated  areas  the  removal 
of  the  products  of  the  contamination  also  is  paramount  if  there  is  any 
hope  of  restoring  a  system  to  a  protective  state. 


Of  course  there  are  numerous  ways  in  which  the  surfaces  of  materials 
can  be  prepared.  However,  our  3-dimensional  abrasive  products  offer 
some  unique  characteristics  in  being  able  to  condition  surfaces  for 
both  corrosion  protection  and  for  the  removal  of  the  products  of 
corrosion . 

CORROSION  PREVENTION: 

Removal  of  contamination  from  new  materials  is  certainly  important  in 
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preparing  them  for  the  application  of  protective  coatings  or  for  good 
bonding  or  other  surface  sensitive  application  areas.  Contamination 
can  come  from  two  sources  as  can  be  seen  from  the  following  examples: 
In  one  case,  aluminum  sheets  with  the  surfaces  in  the  "as  received" 
condition  cannot  reliably  be  resistance  spot  welded  on  a  production 
bases.  However,  sheets  whose  surfaces  have  been  abraded  with  3- 
dimensional  abrasive  products  passed  the  "Weld  Reliability  Test"  and 
were  able  to  do  so  even  after  90  days  of  plant  storage.  Analysis  of 
the  surface  chemistry  of  the  5182-TO  Alloys  was  useful  in  determining 
the  differences  in  the  surface  chemistry  for  the  "as  received"  and 
"brushed"  aluminum.  Figure  3  compares  the  elemental  composition  of 
the  two  surfaces.  Specific  notice  is  to  be  made  of  the  magnesium 
dominant  in  the  "as  received"  material  over  the  brushed  specimen. 
This  suggests  a  heavy  MgO  layer  on  the  "as  received"  sample  which  is 
removed  by  brushing  the  surface.  It  is  evident  that  a  magnesium- 
aluminum-oxygen  composition  occupies  the  outer  surface  of  the  "as 
received"  sample  for  a  thickness  of  nearly  200  angstroms.  After 
brushing,  the  oxide  layer  grows  to  a  depth  of  only  25  angstroms. 

It  is  the  high  electrical  resistance  of  the  Mg-Al-0  compound  (1700 
micro  ohms  which  causes  the  poor  weldability  of  the  "as  received" 
alloy  and  therefore  promotes  poor  tip  life.  The  thin  oxide  layer  of 
the  brushed  metal  has  a  low  resistance  (250  micro  ohms)  and 
contributes  to  the  improved  weldability  and  extended  tip  life. 

In  the  second  case,  the  poor  performance  of  a  paint  system  over  steel 
caused  excessive  corrosion.  Many  may  remember  the  corrosion  problems 
on  our  automobiles  during  the  mid  and  late  70s.  The  poor  protection 


of  the  paint  system  was  eventually  traced  back  to  a  layer  of  carbon  on 
the  surface  of  the  steel  that  prevented  good  bonding  between  the  steel 
substrate  and  the  paint  coats.  Investigation  of  the  surface  of  the 
steel  revealed  that  the  carbon  was  deposited  on  the  surface  during  the 
annealing  process.  The  hydrocarbons  in  the  rolling  and  protective  oils 
and  also  in  the  annealing  gases  would  bake  out  on  the  surface  of  the 
steel  and  could  be  removed  most  effectively  only  by  mechanical  means. 
Figure  4  reviews  Auger  scans  of  the  surface  of  "good"  and  "bad"  steel 
showing  that  the  bad  steel  has  considerably  more  carbon  on  the  outer 
surface.  Figure  5  compares  the  distribution  of  the  surface  carbon 
(the  white  area)  on  a  bad  steel  surface  and  that  same  surface  after  it 
has  been  cleaned  with  the  3-dimensional  abrasive  product.  Greater 
care  in  the  annealing  practices  and  the  brushing  of  the  steel  surface 
as  part  of  the  application  of  such  protective  coatings  as  Zincrometal, 
has  encouraged  the  automakers  to  the  point  where  they  now  offer  5  and 
7  year  warranties  against  perforation  type  corrosion. 

These  two  examples  are  cited  so  that  it  is  clear  that  contamination  is 
can  come  from  two  distinct  sources:  from  the  exterior  environment 
that  the  surfaces  see,  or  from  the  migrating  or  segregating  of 
material  from  within  the  bulk  itself.  In  either  case  it  has  been 
shown  that  processing  the  surface  with  a  3-dimensional  abrasive 
product  produces  a  substrate  which  is  free  from  the  detrimental 
contaminants  and  which  promotes  subsequent  processing  for  improved 
per  formance . 

Surface  conditioning  abrasives  remove  contaminants  and  produce  an 
active  surface  with  uniform,  predictabile  chemistry  while  removing 
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only  a  small  amount  of  the  base  material.  The  resulting  surfaces 
allow  coating  systems  and  bonded  areas  to  have  optimum  adhesion  and 
corrosion  protection.  To  further  demonstrate  better  corrosion 
protection  and  better  coating  adhesion,  examples  of  steel  panels  were 
selected.  (Figure  6)  One  was  cleaned  with  only  an  alkaline  cleaner. 
The  second  was  alkaline  cleaned  and  conditioned  with  a  3-dimensional 
abrasive  product.  Both  panels  were  coated  with  a  zinc  phosphate  and 
a  0.5  mil  acrylic  enamel.  Next  the  panels  were  scribed  to  bare  metal 
Both  surfaces  were  then  subjected  to  salt  spray  tests. 

Note  that  corrosion  has  crept  under  the  paint  in  surface  "A"  and 
blistering  has  appeared,  while  there  is  virtually  no  corrosion  or 
blistering  under  the  paint  of  surface  "B"  which  has  been  processed 
with  the  3-dimensional  abrasive  product. 

CORROSION  REPAIR 

Materials  will  and  do  corrode.  Repair  of  these  materials  is  not 
difficult  if  the  effect  of  corrosion  is  caught  early  in  the  initial 
stages.  Spot  repair  of  areas  effected  is  often  easier  than  allowing  a 
whole  unit  to  become  corroded.  3-uimensional  abrasive  products  lend 
themselves  very  admirably  to  spot  repair  of  corroded  areas.  The 
following  examples  serve  well  to  illustrate  the  effectiveness  of  the 
3-dimensional  abrasive  materials: 

On  aircraft  aluminum  skins,  corrosion  can  be  removed  with 
flap  brushes  on  straight  shaft  portable  tools,  or  with  non- 
woven  discs  on  right  angle  grinders.  Residual  paint  can  be 
readily  removed  without  noticeable  loss  of  Alclad  surface. 
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These  surface  conditioning  abrasives  have  been  approved  for 
use  on  many  types  of  military  aircraft  to  clean  and  control 
corrosion  as  is  spelled  out  in  Air  Force  T.O. 1-1-1  and  Navy 
Corrosion  Manual  NAVAIR-509. 

On  ship  bulkheads,  corrosion  areas  and  old  coatings  can  be 
removed  with  either  non-woven  discs  or  unitized  wheels.  Spot 
repair  and  feathering  into  the  old  intact  coatings  makes 
for  an  easy  maintenance  operation. 

Utilizing  extra  coarse  grade  discs  and  wheel  products  has 
demonstrated  superior  corrosion  and  paint  removal  on  155  mm 
munitions  over  wire  brushes,  leaving  a  cleaner  surface  in  o 
shorter  time  period  while  not  damaging  the  brass  or 
fiberglass  components.  Renovation  of  Ordnance  has  been 
recently  demonstrated  at  both  Tully  and  the  Mieseau  Army 
Depots. 

For  heavy  deck  corrosion  and  coatings  removal,  rotary 
peening  products  are  more  effective  than  needle  guns,  disc 
sanders  or  deck  crawlers,  leaving  a  1  mil  or  greater  profile 
required  to  repaint  U.S,  Naval  ships. 

To  reduce  the  possibility  of  stress  corrosion  cracking  on 
critical  surfaces,  specialized  rotary  peening  products  can 
be  utilized  to  return  the  surface  to  the  desired  Almen 
intensity . 
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SUMMARY : 


Surface  contamination  or  corrosion  of  materials  is  a  common  concern  of 
the  military  and  industry.  There  exists  a  family  of  products  whose  3- 
dimensional  abrasive  nature  makes  their  use  possible  for  the  removal 
of  contamination  for  the  application  of  protective  coatings  and  also 
for  the  removal  of  the  effects  of  corrosion,  without  significant  stock 
removal,  damage  to  the  material,  and  which  can  leave  the  surface,  at 
least  initially,  free  of  residual  inhibiting  material  reflecting  the 
materials  bulk  composition.  These  materials  are  easy  to  use, 
effective,  and  very  versatile.  They  work  because  they  remove 
contamination  and  corrosion  for  only  a  micron  or  so  of  a  material's 
surface,  thus  creating  a  region  which  can  be  coated  with  a  protective 
material.  Thus,  whether  it  is  to  prepare  a  surface  for  the  application 
of  a  protective  coating,  or  to  remove  the  products  of  a  corroded  area  so 
that  new  protection  can  be  applied,  these  3-dimensional  abrasive 
products  can  be  used  to  stop  the  inroads  which  corrosion  is  making 
today . 
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ENVIRONMENT 


1-5  A 
10’s  A 


10-100’s  A 


10-100’s  A 


Figure  1. 

Conceptualized  cross-section  view  of  transition  region  of  a  metal  surface. 


BAD  STEEL  SURFACE 


Figure  2. 

Conceptualized  cross-section  of  cold  rolled  auto  body  steel  surface. 
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THE  EFFECT  OF  TITANIUM  REINFORCEMENT  ON  THE  LIFE  OF 
POSITIVE  GRIDS  IN  LEAD-ACID  BATTERIES 

by 
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Abstract 


Positive  grid  failure  by  various  corrosion  mechanisms  is 
an  important  life-limiting  factor  in  lead-acid  secondary 
batteries.  A  5-6  year  life  cycle  is  currently  typical  for 
such  batteries  in  both  commercial  and  military  use.  Signifi¬ 
cantly  increased  ship  availability  and  cost  savings  to  the 
Navy  can  be  anticipated  with  the  incorporation  of  batteries 
of  reinforced  positive  grid  design  into  its  vessels. 

This  paper  presents  the  results  of  comparative  data  on 
titanium  wire  reinforced  and  unreinforced  large  lead  alloy 
positive  grids  under  an  accelerated  positive  potential  float 
corrosion  test.  We  report  on  uniform  and  intergranular  cor¬ 
rosion  and  grid  growth.  These  studies  have  provided  a 
reliable  estimate  of  reinforced  grid  service  life.  In  turn, 
a  confident  projection  of  at  least  a  10  year  cell  opera¬ 
tional  life  can  be  made. 


Introduction 


Current  lead-acid  secondary  batteries  in  both  civilian 
and  Naval  use  typically  achieve  a  5-6  year  service  life. 
Replacing  a  battery  set  is  a  costly  and  time  consuming  oper¬ 
ation,  often  requiring  a  prolonged  port  call  for  the  ship 
involved.  A  battery  lifetime  of  at  least  10  years,  therefore 
has  been  set  as  a  goal  by  the  Navy.  This  achieved,  the  bat¬ 
tery  overhaul  schedule  can  be  made  to  coincide  with  other 
required  major  docking  maintenance.  Substantial  cost  savings 
will  be  realized.  In  addition,  higher  volumetric  energy  den¬ 
sity  eventually  may  be  required  in  future  system  batteries 
to  handle  greater  power  demands  which  can  occur  on  the  mod¬ 
ern  ships  during  reactor  emergencies.  Cells  fabricated  with 
thinner  electrodes,  made  possible  using  the  reinforced  grid 


construction  might  help  attain  this  increased  energy  density 
in  the  near  term,  until  other  advanced  battery  systems  are 
developed. 


Background 


The  most  prevalent  failure  modes  experienced  in  lead- 
acid  batteries  can  be  attributed  to  corrosion  reactions  tak¬ 
ing  place  in  the  positive  grids.  At  the  cell  operating 
potential,  the  positive  grid  is  subject  to  both  uniform  and 
intergranular  corrosion  in  the  electrolyte  at  operating 
potential. 

Uniform  corrosion  acts  to  thin  the  grid  cross  section. 
The  grid  gradually  weakens  and  its  current  carrying  capabil¬ 
ity  decreases.  Often,  the  active  material  pellets  loosen  and 
lose  electrical  contact.  Although  this  type  of  corrosion 
cannot  be  eliminated,  it  can  be  reduced  substantially  by 
auspicious  choice  of  grid  alloy.  Pure  lead  itself  exhibits 
the  lowest  uniform  corrosion  rate,  but  is  too  soft  for  long 
term  grid  stability.  Alloying  produces  a  stronger  grid,  but 
at  the  penalty  of  an  increased  rate  of  uniform  corrosion. 

Intergranular  corrosion,  being  a  preferential  corrosive 
attack  along  metallic  grain  boundaries,  is  abetted  in  bat¬ 
tery  grids  by  aggregation  of  alloying  species  in  these 
regions.  Practical  effects  of  intergranular  corrosion  prod¬ 
uct  accretion  in  the  lead-acid  battery  grid  are  at  least 
twofold:  (l)  gradual  grid  embrittlement  to  the  point  of 
extreme  fragility  and  (2)  physical  growth  of  the  grid  due  to 
spreading  of  the  grain  boundary  regions  by  wedging  action  of 
the  corrosion  products. 

The  addition  of  a  suitable  reinforcement  to  the  lead 
alloy  grid  has  been  found  virtually  to  arrest  intergranular 
corrosion.  In  addition,  since  the  reinforcement  signifi¬ 
cantly  strengthens  the  grid,  cell  failure  due  to  positive 
electrode  shape  change  is  largely  eliminated.  This  becomes 
especially  important  after  several  years  service.  Moreover, 
the  reinforced  electrodes,  being  stronger,  might  be  con¬ 
structed  thinner  in  future  cell  design.  This  will  lead  to  a 
higher  volumetric  energy  density. 
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Sspejrj-rcenta; 

Corrosion  of  The  Titanium  Reinforcement 

Figure  1  shows  the  components  of  a  75X  size  (5.5"  x 
16.25"  x  0.125")  lead-acid  cell  employed  in  an  accelerated 
corrosion  test.  This  work  is  concerned  with  corrosion  pro¬ 
cesses  taking  place  in  the  titanium  reinforcement  (A)  and 
positive  grid  (B) .  The  reinforcement  preform  is  made  of  com¬ 
mercially  pure  40  mil  titanium  wire  laser  welded  at  all 
intersections.  This  preform  is  sized  and  positioned  to  be 
cast  in  the  center  of  the  lead  alloy  grid.  The  corrosion 
rate  for  pure  titanium  in  the  H3SO4  electrolyte  as  a 
function  of  potential  is  shown  In  Figure  2.  This  indicates  a 
rate  of  about  0.02  mm. /year  (0.75  mils/year)  in  the  Pb02 
positive  eleatrode  operating  potential  range.  At  this  corro¬ 
sion  rate,  even  an  exposed  portion  of  the  titanium  preform 
will  far  exceed  the  10-12  year  lifetime  requirement.  Previ¬ 
ous  reports  (1)  and  (2)  have  explored  some  metallurgical  and 
corrosion  effects  in  grid  alloys  and  titanium  reinforcement. 

Test  Cell  .Comatruction/Data  Acquisition 

We  present  here  the  results  of  comparative  accelerated 
corrosion  tests  on  both  reinforced  and  unreinforced  (con¬ 
trol)  MFX  lead  alloy  (Pb-1.45%Sb-1.45%Cd,  GNB,  Inc.,  Lang- 
horne,  PA,  proprietary  alloy)  grids  of  the  above  described 
type.  Two  sets  of  21  test  cells,  each  containing  four  rein¬ 
forced  or  unrelnf arced  positive  grids,  respectively,  were 
constructed  with  daramic  separators  and  five  Pb-Ca  negative 
grids.  After  filling  with  1,28  gram/cc.  specific  gravity 
h2so4  electrolyte,  they  were  immersed,  seven  each,  in 
temperature  baths  at  50°C,  60°C  and  70°C,  respectively.  One 
cell  from  the  unreinforced  and  reinforced  groups  each  was 
removed  from  each  temperature  bath  every  month. 

Specific  comparative  data  has  been  obtained  on:  (1)  uni¬ 
form  corrosion  by  weight  loss,  (2)  grid  growth  and  (3) 
intergranular  corrosion.  While  real  time  cell  cycling  and 
other  tests  still  must  be  performed,  the  accelerated  methods 
enable  cell  design  modifications  to  be  incorporated  as  rap¬ 
idly  as  possible.  Three  months  accelerated  testing  at  70°c 
as  described  above  is  approximately  equivalent,  corrosion 
wise,  to  six  years  of  ambient  temperature  tests.  Data  avail¬ 
able  at  the  three  temperatures  allows  Ahrrenius  type  corro¬ 
sion,  rate  versus  temperature  relationships  to  be  plotted. 
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Grid  Corrosion  under  Accelerated  Test 


Using  geometrically  calculated  grid  electrode  areas  and 
weight  loss  values,  corrosion  rates  were  determined.  Figure 
3  shows  these  computed  rates  for  the  reinforced  (top)  and 
unreinforced  (bottom)  grids,  respectively,  versus  immersion 
time  at  the  three  test  temperatures .  Corrosion  rates  in  the 
range  of  about  1-10  mils/year  (mpy)  are  observed  for  both 
grid  sets.  This  result  indicates  a  lack  of  influence  of  the 
reinforcement  upon  uniform  grid  corrosion.  In  each  case,  the 
data  show  an  initial  decline  in  corrosion  rate  with  time, 
followed  by  an  increase  after  several  months  immersion.  One 
explanation  for  this  could  be  the  initial  formation  of  a 
partially  protective  corrosion  product  layer.  In  time  the 
layer  thickens  and  loses  its  adherence.  As  this  falls  away, 
the  metal  surface  becomes  again  more  completely  exposed  and 
the  corrosion  rate  rises. 

Figure  4  shows  the  data  at  4  months  immersion  replotted 
as  corrosion  rate  (mpy)  versus  temperature  (°C) .  A  linear 
dependence  has  been  drawn  above  50°C.  The  curved,  dotted 
portion  below  50°C  indicates  that  a  nonlinear  relationship 
exists  at  lower  temperature,  allowing  for  the  observed 
ambient  temperature  corrosion  rate.  The  reinforced  and 
unreinforced  grids  show  virtually  the  same  uniform  corrosion 
rate  behavior. 

Grid  Growth  and  Intergranular  Cracking 

Up  to  this  point,  the  presence  of  reinforcement  appar¬ 
ently  has  little  effect  on  the  grid  corrosion  properties.  We 
will  observe  such  a  conclusion  to  be  premature.  A  small 
fraction  of  the  weight  loss,  heretofore  recorded  as  uniform, 
is  in  fact  due  to  intergranular  corrosion.  This  corrosion 
component,  while  having  only  a  minor  impact  on  weight  loss, 
contributes  substantially  to  growth  and  aging  fragility  of 
the  grid.  The  corrosion  products  act  as  wedges  between  the 
metallic  grains,  driving  them  apart  and  decreasing  ductil¬ 
ity.  The  intergranular  corrosion  mechanism  is  abetted  in  the 
presence  of  tensile  stresses  in  a  structure,  as  is  the  case 
with  the  battery  grids. 

The  reinforcement  must  encompass  all  grid  members,  being 
fabricated  in  the  form  of  a  one  piece  welded  wire  mesh  or 
preform.  It  previously  has  been  reported2,  that  isolated 
wire  reinforcement  has  only  a  limited  ability  to  control 
grid  growth  due  probably  to  insufficient  bonding  strength  at 
the  Ti  wire-lead  alloy  interface.  The  welded  Ti  preform,  by 
contrast,  locks  the  grid  members  at  each  intersection  point 
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and  does  not  rely  upon  the  interfacial  bonding  for  its  effi¬ 
cacy.  Use  of  the  preform,  therefore,  produces  a  type  of 
pseudo-composite.  It  is  a  rather  special  case  of  the  appli¬ 
cation  of  structural  reinforcement. 

Figure  5  shows  the  grid  measurement  points  employed  in 
these  tests.  A  sufficient  number  was  chosen  to  assure  rea¬ 
sonable  accuracy.  Figure  6  shows  the  measured  average  verti¬ 
cal  (top)  and  horizontal  (bottom)  grid  member  growth  of  the 
preform  reinforced  and  unreinforced  grids,  respectively, 
versus  time  in  the  accelerated  immersion  test.  Growth  of 
both  the  vertical  and  horizontal  members  proceeds  in  the 
same  way.  The  unreinforced  grids  show  an  exponential  type  of 
growth  over  the  test  period.  It  is  noteworthy  that,  despite 
the  rapid  increase  in  growth  rate,  the  ~0.5%  end  of  test 
growth  is  quite  small,  recalling  that  a  maximum  growth  of 
about  2%  is  allowable  to  maintain  a  reasonably  low  probabil¬ 
ity  of  cell  failure  by  electrode  edge  shorting.  This  indi¬ 
cates  that  MFX  is  among  the  better  performers  as  a  positive 
grid  alloy. 

Discernible  growth  of  the  reinforced  grids  begins  only 
at  about  5  months  into  the  test.  Their  growth  of  ~0.1%  at  6 
months  testing  or  about  12  years  service  is  virtually  negli¬ 
gible.  Electrodes  fabricated  from  these  grids  simply  will 
not  fail  by  grid  growth  over  the  anticipated  life  of  the 
cell . 

Figure  7  shows  cross-section  photographs  of  the  unrein¬ 
forced  control  MFX  alloy  grid  members  as  they  undergo  corro¬ 
sion  in  the  immersion  test  at  70°C.  The  sequence  begins  at 
lower  right  with  the  grid  member  prior  to  immersion  (the 
dark  surrounding  area  is  a  portion  of  the  plastic  cold 
mount) .  It  proceeds  counterclockwise,  showing  grid  members 
immersed  for  2,4  and  6  months,  respectively.  The  metallic 
grain  boundaries  are  visible  especially  in  the  2  and  4  month 
samples.  Already  at  2  months,  corrosion  is  evident  around 
its  perimeter  clearly  following  the  grain  boundaries.  At  4 
months,  corrosion  has  proceeded  deeply  along  the  boundaries 
leaving  long,  finger-like  protrusions  around  the  perimeter. 
Finally,  by  6  months,  the  protrusions  have  corroded  away. 

The  intergranular  corrosion  continues,  isolating  outer 
grains  and  significantly  reducing  grid  strength  and  electri¬ 
cal  conductivity. 


Figure  8  gives  some  visual  comparison  of  the  extent  of 
corrosion  in  the  reinforced  and  unreinforced  grids  immersed 
at  7 0°c  for  6  months.  A  reinforced  member  cross-section 
prior  to  immersion  is  shown  at  top  right.  The  Ti  wire  has 
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floated  during  casting  in  the  research  mold,  causing  it  to 
lie  off-center  in  the  grid.  Such  will  not  be  the  case  with 
production  grids,  as  preform  a  special  guide  wire  system  has 
been  devised  to  assure  proper  alignment. 

A  reinforced  grid  member  cross  section  after  6  months 
immersion  at  70°C  is  shown  at  top  right  (in  this  case, 
titanium  wire  of  a  somewhat  larger  diameter  has  been  used) . 
The  arrows  indicate  the  extent  of  corrosion  at  the  grid-wire 
interface  and  at  the  grid  surface.  Some  intergranular  corro¬ 
sion  is  evident.  Although  this  can  scarcely  be  termed  super¬ 
ficial,  it,  however,  has  not  sent  cracks  deeply  into  the 
cross-section  interior.  Grid  integrity  and  current  carrying 
capability  are  quite  well  maintained.  The  unreinforced  grid 
(lower  left) ,  at  this  stage,  is  characterized  by  deep  cracks 
(arrows)  which  continue  to  penetrate  the  grid  cross-section 
along  the  grain  boundaries.  The  relieved  tensile  condition 
achieved  by  reinforcement,  in  a  sense,  allows  the  metal 
grains  to  remain  tightly  together,  retarding  the  intergranu¬ 
lar  corrosion. 


Summary 

(1)  A  welded  titanium  wire  preform  reinforcement  cast 
into  lead  alloy  positive  battery  grids  will  be  very  effec¬ 
tive  in  extending  grid  service  lifetime  from  the  present  5-6 
years  to  more  than  10  years,  even  in  the  case  of  partial 
exposure  of  the  wire  to  the  electrolyte. 

(2)  Uniform  grid  corrosion  is  unaffected  by  the  addition 
of  reinforcement.  The  rate  of  uniform  corrosion  probably 
will  set  the  ultimate  limit  on  reinforced  grid  lifetime  for 
a  particular  lead  alloy. 

(3)  Deep  penetrating  intergranular  corrosion  has  been 
sharply  reduced  by  the  addition  of  the  reinforcement. 

(4)  As  a  consequence  of  reinforcement,  the  average 
growths  of  both  horizontal  and  vertical  grid  members  have 
undergone  at  least  a  five-fold  reduction.  The  accelerated 
test  indicates  a  negligible  grid  grov/th  through  at  least  10 
years  service. 

(5)  Overall  grid  durability  and  end-of-life  fragility 
have  been  improved  dramatically  by  the  presence  of  the  pre¬ 
form  reinforcement. 
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FIGURE 


CORROSION  RATE  mm  year 


.  CORROSION  RATE  VERSUS  APPLIED  POTENTIAL  FOR  TITANIUM 
IN  40%  SULFURIC  ACID  AT  60°C.  TAKEN  FROM  REFERENCE (1) 
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IGURE  4.  CORROSION  RATE  FROM  WEIGHT  LOSS  MEASUREMENT  VERSUS 

TEMPERATURE  FOR  REINFORCED  AND  UNREINFORCED  MFX  ALLOY 
GRIDS  AFTER  4  MONTHS  IMMERSION. 
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*  CROWTH  *  CROWTH 


AVERAGE  VERTICAL  GRID  GROWTH 


AVERAGE  HORIZONTAL  GRID  GROWTH 


Q  PREFORM  REINFORCED 


TEST  PERJOD  (MONTHS) 


-t-  UNREINFORCCO 


FIGURE  6,  AVERAGE  VERTICAL  AND  HORIZONTAL  GRID  MEMBER  GROWTH 

VERSUS  IMMERSION  TIME  AT  '70°C  FOR  REINFORCED  (SQUARES) 
AND  UNREINFORCED  (CROSSES)  MEMBERS. 
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CEDURES 

EXPOSURE  PERIOD  FOLLOWING  DECONTAMINATION  IS  BASED  ON  NOR¬ 
MAL  MISSION  PROFILE,  BUT  NOT  TO  EXCEED  12  HOURS 
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RECENT ADVANCES  IN  METALLIC/CERAMIC  COATINGS  FOR  CORROSION 


CONTROL  IN  MILITARY  APPLICATIONS 


Mark  F.  Mosser 
Sermatech  International  Inc. 


ABSTRACT: 

This  paper  describes  recent  advances  in  metallic/ceramic 
coatings  meeting  the  M.IL-C-81751B  specification  and  related 
corrosion/oxidation  resistant  chromate/phosphate  finishes.  A 
brief  history  of  the  generic  coating  family  is  followed  by 
detailed  descriptions  of  the  improved  coating  processes. 

Coating  advances  are  described  in  three  general  areas.  In 
the  first,  improved  sealed  coating  systems  are  presented.  These 
sealed  coatings  have  superior  corrosion  resistance  and  improved 
erosion  resistance  when  compared  to  conventional  coatings.  Test 
documentation  is  included  and  examples  are  given  in  which  these 
coatings  are  described  in  applications  on  turbine  compressor 
components,  fasteners,  and  marine  hardware. 

The  second  area  of  coating  improvement  relates  to  coating 
processes  designed  for  gun  barrels  and  other  ordnance  hardware. 
These  emissive  coatings  are  shown  to  provide  the  thermal  shock 
resistance,  corrosion  protection,  and  lateral  heat  transfer 
necessary  for  improved  barrel  life. 

The  third  area  described  includes  coatings  specifically 
designed  for  operation  in  harsh  acid  rain  environments  includin 
SO^,  N0x  and  acid  halide  exposure  conditions.  To  simulate  thes 
exposure  conditions,  test  results  are  presented  in  which  coatings 
are  evaluated  in  several  acidic  test  environments  including  CASS 
(ASTM  D-368).  Test  results  Include  heat  cycling  and  acid 
exposure  data  on  several  alloys  used  in  turbine  compressors. 
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INTRODUCTION: 

Metallic/ceramic  coatings  such  as  are  described  in  this  paper 
have  been  in  use  for  over  twenty  five  years.  In  1969  the 
original  coating  system  based  on  this  technology  was  incorporated 
into  a  military  specification,  MIL-C-81751.  This  coating,  known 
as  SermeTel  W  ,  became  the  Type  I  coating  described  by  this 
specification.  At  the  time  the  specification  was  written  little 
was  known  about  the  chemistry  of  the  coating.  Since  then,  the 
environment  has  worsened  and  military/aerospace  hardware  has 
changed.  It  is  not  surprising  that  improvements  in  the  coating 
system  have  also  occurred.  Before  reviewing  the  improvements,  it 
is  necessary  to  review  the  original  coating  and  describe  the 
various  processing  steps  used  to  produce  the  different  classes. 

Type  I  coatings  within  this  specification  are  generically 
unique , paint-on  slurry  coatings.  First  described  by  Charlotte 
Allen  ,  these  inorganic  coatings  consist  of  a  pigment, 
aluminum  powder,  and  a  binder  material.  This  binder  material  is 
an  acidic  solution  consisting  of  metallic  phosphates  and 
dichromates.  After  the  coating  has  been  applied,  usually  by 
spray  painting,  it  is  given  a  thermal  treatment  by  heating  to 
about  650  F  (343°C).  At  this  temperature,  the  dichromates  and 
phosphates  undergo  a  series  of  chemical  reactions  that  produce  a 
well  bonded  glassy  inorganic  polymer  matrix  with  aluminum 
pigmentation .  The  binder  material  becomes  a  ceramic-like 
structure  during  the  curing  process.  It  is  amorphous  and 
insoluble  in  most  solvents,  including  boiling  water. 

Although  this  coating  binder  matrix  contains  acidic  chromates 
and  phosphates,  the  chemical  reactions  Involved  in  coating 
formation  are  completely  different  from  the  reactions  that 
produce  a  wide  variety  of  common  metal  pretreatments  based  on 
phosphates  and  chromate/dlchromate  chemistry.  Common  phosphate 
coatings  use  specific  formulations  to  produce  iron,  zinc, 
manganese  and  other  phosphate  layers  on  steel  as  well  as  on  other 
metals.  These  phosphate  layers  can  have  fair  corrosion 
resistance  but  are  widely  used  as  paint  pretreatments.  These 
coating  layers  usually  are  formed  by  the  reaction  of  an  acidic 


*  A  registered  trademark  of  Teleflex  Inc.  and  a  product  of 
Sermatech  International  Inc. 


2  60 


Page  3 


phosphate  and  an  oxidizer  with  a  ferrous  metal.  The  resulting 
phosphate  layer  is  alkaline  in  nature,  highly  crystalline  and  has 
a  limited  temperature  resistance.  Similarly,  chromate 
pretreatments  are  used  on  zinc,  aluminum ,  magnesium,  ferrous 
metals  as  well  as  on  phosphate  layers.  In  each  case,  the 
coatings  formed  are  a  result  of  the  chemical  reaction  between  the 
chromate  ion  and  the  substrate  metal.  The  corrosion  resistance 
of  such  films  is  fair;  the  coatings  bein&  primarily  used  as  bases 
for  paint. 

In  contrast  to  the  coatings  Just  described,  the  Type  I 
metallic-ceramic  coating  can  be  applied  to  most  metallic 
substrates.  Little  or  no  surface  reaction  occurs  other  than 
bonding  reactions.  As  a  result,  the  coating  can  be  applied  to 
carbon  steels,  stainless  steels,  nickel  alloys,  cobalt  alloys, 
refractory  metals,  aluminum  alloys,  glass,  ceramics,  organic 
polymers,  composites,  and  other  materials  which  can  be  expoged  to 
the  prescribed  cure  temperature,  which  can  be  as  low  as  375°F 
( 191°C) . 

MIL-C-81751  divides  the  Type  I  coating  into  four  classes. 

Note  that  these  four  classes  are  based  on  exactly  the  same 
coating  slurry,  but  use  different  processing  steps.  The  classes 
are  shown  in  Table  I . 


TABLE  I 

MIL-C-81751  Classification  of  Type  1  Coatings 

1.2  Classification  -  Metallic-ceramic  coatings  shall  be 
furnished  in  the  following  Types  and  Classes,  as 
specified  (see  6,2): 

Type  I  -  Class  1  -  Coating  cured  at  650  £  25°F 

Class  2  -  Coating  cured  at  650  £  25°F 
and  post  treated  at  elevated  temperature 

Class  3  -  Initial  coat(s)  cured  at  650  £ 
25°F,  and  burnished  prior  to  applying  top 
coat  that  is  cured  at  650  ±  25°F 

Class  4  -  Coating  cured  at.  650  £  25°F  and 

post  treated  by  burnishing 
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To  understand  the  coating  and  its  various  classes,  it  is 
useful  to  review  the  various  coating  structures.  Figures  1 
through  4  are  SEM  photomicrographs  showing  the  surface  of  each 
coating  class.  In  Figure  2  the  individual  aluminum  particles  are 
visible,  each  surrounded  by  the  bonding  layer  of  chromate/phos¬ 
phate  polymer. 

The  classes  are  described  as  follows: 

1)  Class  1  -  Two  (or  more)  coating  layers  are  applied 
and  cured  according  to  the  following  procedure: 

a.  Vapor  degrease 

b.  Dry  or  wet  blasting  with  100-250  mesh  abrasive 

grit  0 

c.  Spray  application  followed  by  175  F  oven  dry 
for  15  minutes 

d.  Cure  at  650°F  for  15  minutes  minimum 

e.  Repeat  steps  3  and  4 

2)  Class  2  -  The  coating  that  has  been  applied  per  the 
Class  1  requirements  is  exposed  to  a  temperature  between 
950  and  1050°F  (510-566°C).  This  heat  treatment,  or 
post  cure  as  it  is  often  called,  causes  a  reaction  to 
occur  between  the  aluminum  particles  and  the 
encapsulating  chromate/phosphate  layer  producing  the 
reactive  ionic  compound,  aluminum  phosphide.  Since  this 
compound  is  semiconduct ive ,  electrical  conductivity  Is 
established  across  the  coating  surface  and  throughout 
the  coating  volume.  This  occurs  without  disruption  of 
the  coating  structure  or  diffusion  of  aluminum  into  the 
base  metal.  Note  that  the  coating  structure  (Figures  1 
and  2)  remains  unchanged. 

3)  Class  3  -  One  coating  layer  Is  applied  and  cured  per  the 
Class  1  procedure.  The  coating  is  then  mechanically 
abraded  or  "burnished"  with  abrasive  media  such  as 
alumina  or  silica.  This  causes  compression  of  the 
coating  layer  and  particle  to  particle  welding  of  the 
aluminum  pigment.  The  coating  layer  produced  resembles 
that  shown  in  Figure  3.  It  is  electrically  conductive. 
The  layer  is  then  topcoated  with  a  second  coating  layer, 
dried,  and  cured  at  650°F.  The  final  surface  structure 
is  the  same  as  shown  In  Figures  1  and  2  since  the  final 
layer  is  not  burnished. 
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4)  Class  4  -  The  coating  is  applied  and  cured  in  the  manner 
of  a  Class  1  coating;  typically  two  coats  are  applied 
and  cured.  Use  of  alumina  or  silica  abrasive  at  low 
pressure  in  a  blast  cabinet  produces  the  burnished 
surface  shown  in  Figure  3.  If  glass  beads  are  used,  the 
surface  of  the  coating  shows  the  orange  peel  appearance 

shown  in  Figure  4.  Figures  2  through  4  clearly  show  the 
extent  of  surface  changes  caused  by  impingement  of 
particles  on  the  surface  of  cured  Class  1  coatings.  The 
surfaces  are  severely  cold  worked  in  Figures  3  and  4, 
but  no  weight  loss  is  observed  as  a  result  of  the 
processing  and  all  the  coatings  treated  in  this  way  are 
electrically  conductive. 

Taking  one  coating  slurry  and  producing  four  different 
classes  of  coated  products  cause  complication  and  confusion. 

These  classes  are  necessary  because  the  additional  processing 
steps  produce  other  coatings  with  other  desirable  properties. 

All  classes  share  the  following  properties: 

up  to  1600°F 
1175°P  to  water  quench 
16  hrs .  1000°F/32  hrs. 

S/S  for  six  cycles 
>8000  psi 

Resistant  to  water,  oils, 
greases  and  organic 
solvents 

Other  general  coating  properties  are  listed  in  MIL-C-81751. 
Certain  properties  vary  with  the  coating  class.  As  previously 
described.  Class  2  and  Class  4  coatings  exhibit  surface  and 
volume  electrical  conductivity.  Class  3  coatings  show  the  same 
conductivity  until  overcoated.  It  has  been  found  that  these 
classes  of  coatings  are  not  just  electrically  conductive,  they 
are  also  galvanically  active,  sacrificial  aluminum-rich  coatings. 
Because  of  this  property  scribed  coatings  of  Classes  2,3  or  4, 
when  applied  to  steel  substrates,  will  show  no  red  rust  after 
1000  hours  of  ASTM  B117  salt  fog  exposure.  Little  difference  has 
been  seen  in  the  performance  of  Class  2,  Class  3  or  Class  4 
coatings  when  compared  in  salt  spray  testing.  A  table  of 
comparative  galvanic  potentials  is  given  in  Table  2.  Results  are 
in  agreement  with  literature  values  such  as  those  reported  by 
Mansf eld  ( 3 ) • 


f 


£ 

£ 

r: 
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Temperature  resistance 

Thermal  shock 

Heat  cycle/salt  spray 

Bond  strength 
Solvent  Resistance 
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TABLE  II 

(2) 

Galvanic  Series  k  ' 


Material 


Millivolts 


Zinc  plating  975-990 

Cadmium  plating  760-  765 

Type  1  Class  2,3,4  coating  730-760 
AA3003  Aluminum  720-745 

AA2024T3  Aluminum  590 

1010  Steel  565 


Potentials  were  measured  at  20°C  in  aerated  3.4£  MaCl  against 
a  saturated  calomel  electrode. 

A  summary  of  the  differences  in  the  Type  1  coating  classes  is 
given  below  in  Table  III. 

TABLE  III 

MIL-C-8 1751B  TYPE  I  COATING  CLASS  DIFFERENCES 


Property 

Class  1 

Class  2 

Class  3 

Class  4 

Thickness 

1.5-4  mils 
(38-102/trn) 

Same 

Same 

Same 

Electrically 
Conductive  on 
surf  ace 

No 

Yes 

No 

Yes 

Sacrificial 

No 

Yes 

Yes 

Yes 

Surface 

Finish 

35-60Ra 

35-60Ra 

35-60RA 

25-70Ra 

Erosion 

>100 

>200 

>100 

>100 

resistance/ 

( liters /mil 
per  ASTM  D968) 


K. 


5. 


264 


Page  7 


\ 


'  * 


E 


m 


This  coating  system  is  unique  -  combining  sacrificial  action, 
high  temperature  resistance  and  good  erosion  characteristics. 
These  properties  make  the  various  classes  of  this  coating  ideal 
candidates  for  steel  components  in  a  wide  variety  of 
applications.  Of  the  four  classes,  Class  4  has  the  broadest 
range  of  uses.  This  coating  class  is  used  on  fasteners,  turbine 
compressor  hardware , (e .g . ,  blades,  vanes,  cases,  etc.,)  aircraft 
landing  gear  and  a  wide  variety  of  other  airframe  components. 

The  Class  2  coating  is  often  used  on  large  turbine  components, 
such  as  engine  cases  that  are  exposed  to  high  temperature.  In 
many  applications,  the  coating  has  replaced  silicone  aluminum 
paint  and  diffused  nickel/cadmium  plating  because  of  improved 
performance  in  high  heat  applications  coupled  with  corrosive 
environments.  No  other  palnt-on  coating  system  offers  similar 
performance . 

High  performance  protective  films  such  as  these  coatings 
require  care  in  application  to  achieve  best  results.  Because  the 
coating  material  is  a  water  borne  slurry  and  is  highly  filled 
with  aluminum  pigment,  it  has  the  inherrent  problems  of  a  water¬ 
borne  coating.  Without  humidity  and  temperature  control  during 
application,  applied  coatings  will  vary  in  thickness  and  surface 
roughness.  Additionally,  since  an  inorganic  slurry  is  being 
applied,  great  care  must  be  taken  to  assure  complete  absense  of 
oil,  grease  and  other  organic  contaminants.  These  concerns 
become  of  greater  Importance  as  surface  smoothness  and  thickness 
control  become  more  important. 

Improved  Coating  Systems  -  When  the  military  specification 
for  this  coating  was  written,  the  coating  process  had  been  in  use 
for  about  eight  years.  At  that  time,  the  Class  1  coating  was 
predominant,  with  Class  2  and  Class  4  coatings  becoming  more 
widely  used.  By  1970  these  coating  systems  had  been  specified  by 
most  turbine  and  airframe  manufacturers  In  the  world  and  were 
being  applied  In  many  countries. 

Information  from  users  is  essential  for  product  Improvement. 
To  answer  the  question,  "How  can  this  coating  be  Improved?",  four 
lines  of  development  work  were  followed: 

1.  Improvement  of  surface  finish 

2,  Creation  of  a  topcoat  system 
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Decrease  in  coating  porosity 
Addition  of  corrosion  inhibitors 


3- 

4. 


During  the  decade  of  the  1970's,  two  of  these  lines  of 
coating  improvement/development  were  followed.  One  a ',ea  of 
development  related  to  application  of  smoother  coatings;  the 
other  had  to  do  with  sealed  coatings  having  greater  corrosion 
resistance.  These  developments  were  mandated  by  customers  facing 
the  fossil  fuel  crisis  of  the  early  1970 's  and  the  growing  acid 
rain  problem,  respectively. 

Surface  Finish  Improvements 

Development  work  in  surface  finish  improvement  resulted  in 
the  introduction  of  a  new  smooth  processed  coating  for  turbine 
compressor  applications,  SermeTel  Process  5375  .  Although  the 
coating  process  met  the  requirements  of  MIL-C-817513  Type  1  Class 
4,  it  also  provided  enhanced  compressor  performance  through 
improved  surface  finish  on  airfoils  thereby  reducing  fuel 
consumption  and  turbine  exhaust  gas  temperatures.  Additionally, 
the  corrosion  protection  properties  of  the  original  coating  were 
maintained  by  the  new  process  providing  sacrificial  protection  in 
corrosive  environments  without  extensive  formation  of  white 
corrosion  products.  Excessive  corrosion  products  would  have 
caused  surface  roughness  which  would  have  resulted  in  efficiency 
loss.  Eventually,  surface  finish  profiles  of  36-25  microinches 
AA  were  produced  by  this  process.  Actual  profile  was  dependent 
on  part  geometry.  This  process  saw  extensive  use  on  a  wide 
variety  of  turbine  compressor  components,  since  it  was 
specifically  designed  as  a  coating  process  for*  airfoils  and  was 
not  applicable  to  marine  hardware  or  general  airframe  components. 
Although  the  enhanced  surface  finish  improved  corrosion 
resistance  slightly,  the  improvement  was  not  dramatic;  corrosion 
resistance  was  similar  to  other  Class  4  coatings.  The  surface 
was  still  primarily  aluminum  metal. 

Sealed  Coatings 

Coincident  to  the  development  of  smoother  coatings  conforming 
to  this  specification,  another  line  of  development  sought  further 
Improvement  in  the  corrosion  resistance  of  the  aluminum  coating. 


266 


-VgV  .NAWWyiV 

kA /lA  KA.tU\  Afi  /LniL/\  rfJfkA 


■*  '*  2--' ■  *J'  r  *V"\  ►  V"  *V"  -  Kf  A  '  rj'  > 


Page  9 


TABLE  IV 

CORROSION  RESISTANCE  OF  COATING  CLASSES 


Class 


Hours  to  Red  Rust  (ASTM  B-117) 


1 

2 

3 

4 


<  168 
>  1000 
>  1000 
>  1000 


Substrate  -  mild  steel 

Tne  data  presented  in  the  above  table  IV  Indicates  that  a 
Class  1  coating  is  not  sacrificial  and  is  only  a  fair  barrier 
against  penetration  by  the  corrosive  test  solution.  Classes  2,  3 
and  4  show  superior  resistance  to  the  salt  spray  environment, 
because  the  coatings  are  galvanically  active,  but  white  corrosion 
products  can  be  seen  on  coated  surfaces.  Corrosion  of  the  base 
metal  has  been  replaced  with  corrosion  of  the  coating  as  is 
always  seen  In  sacrificial  coatings.  This  corrosion  decreases 
the  life  of  the  coating  system.  Clearly,  sealing  the  coatings  by 
topcoating  should  result  in  Improved  anti-corrosion  properties  by 
combining  additional  barrier  protection  with  sacrificial 
protection. 

Figure  5  shows  a  metallographic  transverse  section  of  a  2  mil 
(50  m)  thick  Class  4  coating  at  500X  magnification.  Figure  6, 
like  Figure  1,  shows  an  SEM  photomicrograph  of  the  coating 
surface  of  a  Class  1  coating  at  10007  magnification.  By  studying 
these  figures,  it  is  clear  that  the  coating  structure  Is  open  and 
porous,  susceptible  to  moisture  absorption  and  corrosion  attack* 

While  many  film-formers  could  be  used  to  topcoat  this  porous 
coating  structure,  a  specific  group  of  topcoats  was  devised  which 
utilize  the  same  basic  chromate/phosphate  chemistry  as  the 
basecoat  material.  By  uaing  this  approach,  virtually  all  the 
requirements  of  MIL-C-81751B  Type  I  can  be  met  by  a  topeoated 
system.  By  utilizing  similar  chemistry,  the  same  application 
equipment  and  cure  conditions  can  be  employed. 

Sermatech  International  has  developed  several  of  these 
topcoats.  SermeTel  570A  was  the  first  topcoat  developed.  This 
coating  continues  to  be  widely  used.  SermeTel  842  has  the  same 
properties  as  570A  but  is  black  in  color.  SermeTel  TCS  is  used 
as  a  topcoat  sealant  for  certain  proprietary  coating  systems  and 
produces  a  superior  surface  finish. 


267 


Page  10 


The  topcoats  are  usually  applied  over  grit  burnished.  Class 
4,  basecoated  surfaces.  After  topcoat  application,  the  coating 
surface  Is  no  longer  electrically  conductive,  yet  the  conductive 
layer,  which  is  covered  and  sealed  in  these  topcoated  systems, 
will  still  supply  galvanic  protection  to  steel  components  in 
saline  environments.  When  coupled  to  a  calomel  electrode,  the 
galvanic  potential  remains  at  750  millivolts,  the  same  as  the 
basecoat  material  (See  Table  II).  Because  of  the  sealing 
effects,  little  white  corrosion  is  seen  after  long  term  salt 
spray  exposure. 

SermeTel  570A  applied  over  a  Class  4  coating  is  shown  in 
Figure  7  in  a  SEM  photomicrograph  at  1000X  magnification.  This 
coating  combination  is  known  as  SermeTel  725.  Figure  8  shows  a 
SEM  photomicrograph  of  the  same  coating  system  In  transverse 
section.  The  570A  topcoat  seals  the  surface  and  fills  all 
available  coating  porosity  at  or  near  the  surface  with  a  hard 
corrosion  resistant  layer.  The  topcoat  is  0.1  --  0.3  mils  (2.5  - 
7.5/^m)  thick. 

Use  of  the  topcoated  systems  began  in  1977  on  the  PT6  T400 
Twin  Pack  helicopter  engine^  .  While  the  specific  basecoat, 
SermeTel  709,  does  not  meet  the  military  specification,  it  is  a 
generlcally  similar  system  designed  to  have  superior  corrosion 
resistance  and  to  be  very  thin.  Specification  approvals  of  these 
coatings  followed  on  a  variety  of  turbines  including  the  LM2500, 
LM5000,  T700,  T64  and  J85.  Additional  widespread  use  of  these 
coating  systems  was  seen  on  power  generation  turbines  and  for 
overhaul  of  other  non-specif led  components.  In  1980  Wanhill  et 
al  described  the  successful  evaluation  of  these  coatings  on 

helicopter  compressors  In  acidified  environments  attesting  to  the 
corrosion  protection  supplied  by  these  coatings  even  under 
extreme  conditions.  The  use  of  the  topcoat  sealer  extended  the 
range  of  uses  for  the  basecoat  material. 

The  performance  of  these  topcoated  systems  led  to  evaluation 
in  several  marine  environments.  In  one  serifs  of  tests  reported 
by  Jankowsky  ,  SermeTel  725  was  a  candidate  coating  for  17-4 
PH  steel  and  4130  steel.  During  an  eleven  month  exposure  on  the 
USS  America  of  which  seven  months  were  in  the  Indian  Ocean, 
coated  samples  were  exposed  to  a  high  humidity/higb  salt  fog 
environment.  The  SermeTel  725  coating  system  was  rated  best  of 
coatings  tested  on  these  alloys. 

Additional  tests /Were  conducted  by  NAVSSES  and  reported  by 
Rogus  and  Vapniarek  .  Tn  these  tests,  simulated  valve  shaped 
specimens  were  exposed  to  a  seven  day  schedule  which  included  two 
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eight  hour  exposures  to  925°F»  a  total  of  32  hours  of  cool  down 
time  and  120  hours  of  salt  fog.  Additional  stud/nut  specimens 
were  also  coated  and  tested.  SermeTel  725  was  among  the 
candidate  coatings  for  both  valves  and  stud/nut  assemblies. 

The  tests  were  run  for  146  days.  At  the  end  of  that  time  period, 
the  SermeTel  725  coating  was  the  sole  survivor  of  the  fastener 
coatings  tested  and  the  only  coating  recommended  for  fastener 
use.  As  a  coating  for  the  valve  simulations  performance  was 
rated  "satisfactory",  but  not  equivalent  to  sealed  wire  sprayed 
aluminum.  The  wire  sprayed  aluminum  was  significantly  thicker 
(4-24  mils)  making  comparisons  difficult. 

Based  on  these  tests  and  others,  the  SermeTel  725  System  has 
been  specified  on  the  following  U.S,  Navy  hardware: 

(1)  Nelson  type  and  clamp  type  pipe  hangers  (CG47  class 
cruisers ) . 

(2)  Bolts,  nuts,  studs  and  washers  conforming  to 
MIL-S-1222G. 

(3)  SUBSAPE  level  1  bolting. 

(4)  Threaded  fasteners  for  steam  valves 

(5)  Boat  davit  systems. 

(6)  Other  weather  deck  hardware. 

Ten  years  of  experience  with  these  coatings  has  allowed  the 
following  general  conclusions  to  be  drawn: 

1.  Sealed  coatings  have  improved  atmospheric  corrosion 
resistance  against  saline  environments  and  acid  rain 
conditions . 

2.  Sealed  coatings  have  improved  barrier  properties 
eliminating  white  corrosion  products,  but  maintaining 
galvanic  activity  of  the  basecoat. 

3.  Sealed  coatings  have  superior  resistance  to  corrosion 

Induced  hv  cral  uarii  f  connles. 

4.  Sealed  coatings  have  smoother  surface  p.ofiles. 

5.  Sealed  coatings  allow  thinner  total  coating  systems  to 
be  applied. 

Sealed  Coatings  for  Gun  Barrels  -  A  logical  application  for 
these  sealed  coatings,  such  as  SermeTel  725,  is  on  gun  barrels. 
Severe  corrosion  problems  exist  on  20  mm  and  30  mm  cannon  systems 
since  they  are  exposed  to  rapid  heating,  thermal  shock  and 
saline  environments.  These  problems  are  seen  on  naval  guns  as 
well  as  those  that  are  aircraft  mounted. 

To  evaluate  the  performance  of  candidate  coatings,  Robbins 
Air  Force  Base  conducted  a  test  on  20  mm  Vulcan  cannon  barrels. 
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Three  coatings  were  evaluated  (1)  SermeTel  725,  (2)  MIL-C-46010 
Corrosion  Inhibiting  Dry  Film  Lubricant,  and  (3)  Phosphate  and 
paint.  The  exteriors  of  two  barrels  were  coated  with  each 
coating  before  assembly  into  the  six  barrel  gun. 

The  test  consisted  of  firing  200  round  bursts  from  the  gun  at 
the  rate  of  4000/6000  rounds/minute  cycled  with  salt  spray 
exposure.  During  the  firing,  muzzle  temperatures  reached  about 
700°F,  in  the  coolest  area  of  the  barrel.  Other  areas  reached 
temperatures  exceeding  1000°F.  After  31,000  rounds  had  been 
fired  through  each  barrel,  the  gun  was  disassembled. 

Upon  examination,  the  barrels  coated  with  dry  film  lubricant 
and  the  phosphate/paint  system  were  severely  corroded.  The 
SermeTel  725  coating  had  darkened  but  showed  no  red  rust  or 
adhesion  loss. 

A  further  coating  benefit  was  observed  when  the  barrel  bores 
were  examined.  Although  31,000  rounds  had  been  fired  through 
each  barrel  the  barrels  coated  with  SermeTel  725  showed  little 
bore  erosion.  It  was  estimated  that  although  47,000  rounds  is 
considered  maximum  barrel  life,  the  barrels  coated  with  SermeTel 
725  still  had  another  40,000  rounds  of  life.  Presumably,  the 
dense  aluminum  filled  coating  not  only  protected  the  outside  of 
the  barrel  against  corrosion  and  oxidation,  but  provided  improved 
lateral  heat  transfer  eliminating  hot  spots  and  keeping  the 
barrel  cooler,  thus  slowing  the  softening  rate  of  the  chromium 
plating  in  the  bore. 

These  sealed  coatings  have  been  specified  on  the  GE 
Goalkeeper  gun  system. 

Further  Coating  Improvements  -  The  Introductions  of  smoother 
coatings  and  sealed  coatings  conforming  to  MIL-C-81751B  were  the 
first  two  lines  of  coating  process  development  work  completed.  A 
further  development  combined  the  best  features  of  the  improved 
processes  to  result  in  a  coating  system  that  is  both  smooth,  like 
SermeTel  Process  5375h  and  sealed  like  SermeTel  725.  The 
resulting  process,  SermeTel  Process  5380  ,  has  an  extremely 
smooth  surface  finish  (10  microinches  AA  at  0.10  cutoff)  and 
because  of  the  topcoat/sealer  layer  can  maintain  that  smooth 
surface  through  long  term  exposure  to  saline  environments  and 
thermal  cycling.  An  additional  benefit  of  the  coating  system  is 
the  improved  erosion  resistance  designed  into  the  coating  by 
pigment  selection. 

The  concept  of  pigment  selection  is  essential  to  the  third 
area  of  coating  Improvements.  That  improvement  centers  around 
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methods  of  decreasing  the  porosity  of  coatings  that  conform  to 
MIL-C-81751B  Type  I.  It  was  reasoned  that  by  reducing  porosity 
internally  in  addition  to  adding  a  sealant  topcoat  layer,  coating 
performance  could  be  further  improved.  This  was  done 
experimentally  by  eliminating  the  conventional  atomized  aluminum 
powder  generally  used  in  the  coating  and  substituting  a  specially 
prepare^  aluminum  powder  having  improved  particle  size,  shape  and 
particle  size  distribution. 

The  results  of  these  evaluations  indicated  that  by  proper 
pigment  selection  improved  coatings  could  be  produced.  These 
improved  coatings  have  greater  uniformity  in  pigment  packing 
resulting  in  improved  particle  to  particle  bonding,  improved 
surface  finish  and  decreased  porosity.  The  result  is  improved 
corrosion  resistance.  Use  of  this  improved  basecoat  which 
conforms  to  MIL-C-81751B  Type  1  Class  4  with  topcoat/sealer 
layers  has  resulted  In  a  further  improvement  in  smooth  sealed 
coatings  for  turbine  compressor  airfoils.  The  new  coating 
system,  SermeTel  Process  538(j  D.P.  not  only  has  all  the 
properties  of  preceeding  sealed  coatings,  but  also  has  improved 
erosion  resistance  and  surface  finish.  This  data  is  summarized 
in  Tables  V  and  VI. 


TABLE  V 

EROSION  RESISTANCE  COMPARISON 

Castm  D96F) 


Coating  System 


Eros  ion  Coeff I c lent 
Tliters7mlD 


MIL-C-81751B  Type  I  Class  4  100 
Process  5380  300 
Process  5380DP  >  500 


Date 


1570 

1973 


TABLE  VI 

SERMETEL  SURFACE  FINISH  PROGRESSION 


Process 


Surface  Finish 

(Mj croinches  AA  at  0.10  cutoff) 


MIL-C-81751B  55* 

Type  I  Class  4 

Process  5375  35 
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Process  5375 
Process  5380 
Process  5380DP 


15-25 

10 

3-5 


1977 
1980 
1985 

#Measured  on  individual  blades,  values  may  vary  depending  on  part 
geometry . 

This  advanced  coating  system  results  from  15  years  of 
development  work,  each  incremental  step  resulting  in  some 
improved  coating  property.  This  development  work  is  still 
continuing. 

Coatings  for  Acidic  Environments  -  One  last  area  of  coating 
development  relates  to  improved  coatings  for  severe  environments. 
In  the  last  quarter  century,  acid  rain  has  increased  corrosion 
rates  significantly.  The  presence  of  sulfur  and  nitrogen  in 
fossil  fuels  results  in  S0?  and  NO  after  combustion.  These 
gases  readily  dissolve  in  water  forming  acidic  condensation 
having  pH  values  as  lo«  as  3*5-  Conditions  on  fossil  fuel 
powered  ships  and  in  turbine  engines  are  worse  causing  severe 
pitting  damage  to  a  wide  variety  of  hardware.  This  pitting 
failure  is  of  particular  concern  when  failure  occurs  in 
applications  where  coatings  normally  resistant  to  salt  fog  are 
being  used. 


An  area  of  concern  in  any  development  program  is  acceptable 
test  methods  for  evaluating  candidate  coatings.  In  evaluating 
coatings  for  acidic  rain  conditions,  standard  salt  spray  testing 
is  not  a  useful  tool.  Figure  9  shows  results  of  standard  salt 
spray  testing  of  four  coated  samples  on  mild  steel  panels.  The 
four  coatings  listed  are  1)  W4  (SermeTel  W  Class  4 ,  conforming 
to  MIL-C-81751B  Type  1  Class  4),  2)  725  (SermeTel  725  -  as  W4  but 
sealed  with  SermeTel  570A),  3)  2241  (SermeTel  Process  2241  -  an 
Improved  smoother  sealed  coating  with  a  basecoat  conforming  to 
MIL-C-8I75IB  Type  I  Class  4),  and  4)  3T3-EF-1  (a  coating 
specifically  formulated  for  acidified  environments.)  Note  that 
all  coatings  tested  resist  neutral  salt  spray  and  show  no  base 
metal  corrosion  after  1000  hours.  The  conclusion  is  that  the 
salt  spray  test  is  not  a  good  tool  for  sorting  these  candidate 
coatings . 

A  list  of .accelerated  test  methods  taken  from  a  recent 
publication  '  is  shown  In  Table  VII.  Unlike  the  other  acidified 


test  methods,  the  copper  accelerated  acetic  acid  salt  spray  or 
CASS  test  (ASTM  B368)  Is  standardised,  repeatable  and  widely 


used.  A  conventional  salt  spray  chamber  is  used.  However,  the 


test  method  does  not  model  any  specific  environment. 
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TABLE  VII 

ACCELERATED  TESTING  METHODS 


Test 

PH 

Salinity 

Temp . 

Contaminants 

Neutral  salt  spray 
(ASTM  B117) 

6. 5-7. 2 

5%  NaCl 

35°C 

None 

CASS  (ASTM  B368) 

3. 1-3. 3 

5%  NaCl 

49 

Acetic  acid, 
CuCl2 

Kesternlch  (DIN 
50018) 

1. 0-2.0 

None 

40 

SO  and 
other  gases 

SC^/salt  spray 

4.0 

5%  NaCl 

36 

S02('  ^ous) 

HCl/salt  spray 

1.0 

9%  NaCl 

36 

HCl(lJt), 

FeCl2(0.1%) 

H  SO  /NaCl 
immersion 

4,0 

5%  NaCl 

76 

HpSOo ,  0 

(732-3atm5 

Panels  representing  the  same  four  coating  systems  were  tested 
In  the  CASS  environment.  Results  are  shown  In  Figure  10.  Note 
that,  unlike  salt  spray  test  results,  failure  can  occur  In  less 
than  100  hours  and  that  the  coatings  divide  into  three  groups: 

(1)  a  sacrificial  aluminum  coating  exposed  to  the  environment 
fails  first,  (2)  a  pair  of  sealed  coating  systems  performs 
significantly  better,  (3)  a  coating  specifically  designed  to 
operate  in  the  acidified  environment  is  best. 

These  results  are  consistent  with  the  nature  of  the  acidic 
environment.  At  the  pH  of  the  CASS  test  there  is  no  sacrificial 
action  possible.  Aluminum  does  not  sacrifice,  it  corrodes 
rapidly.  The  sealed  coatings  have  no  aluminum  pigment  exposed  to 
the  aciuic  environment,  but  eventually  through  porosity  or 
condensation  the  top  coat  film  is  compromised  and  corrosion 
occurs . 

The  STS  EF1  coating  is  designed  to  utilize  the  best  of  the 
developments  previously  described.  It  utilizes  a  topcoat  sealer 
to  reduce  corrosive  attack  on  the  aluminum  pigment.  It  utilizes 
aluminum  pigments  selected  for  maximum  pigment  density  and 
packing  to  eliminate  pinholes  and  porosity.  Further,  it 
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incorporates  corrosion  Inhibitors  to  neutralize  any  corrosive 
media  that  penetrates  the  topcoat/sealer. 

Because  the  greatest  corrosion  problems  observed  have 
included  both  acid  rain  exposure  and  heat  cycling,  two  additional 
tests  were  performed  that  combined  these  features.  Figures  11 
and  12  illustrate  the  performance  of  the  four  coatings  under 
these  conditions.  Figure  11  shows  results  after  heat  cycling  to 
400°F  for  6  hours,  2  hours  cooling  and  16  hours  in  CASS.  This 
cycle  is  repeated  up  to  ten  times.  Similarly,  Figure  12  shows  a 
heat  cycle  CASS  test  in  which  the  cycle  temperature  is  850°F. 

Note  the  rapid  failure  of  all  systems  except  the  coating 
specifically  designed  for  the  acid  rain  condition. 

The  STS  EF-1  coating  is  a  new  system.  It  is  undergoing 
extensive  testing  in  a  wide  variety  of  acidic  environments. 
Unfortunately,  the  coating  does  not  meet  the  military 
specification  because  the  additional  performance  requirements 
make  modifications  of  the  basic  composition  necessary. 

Cone lus ion 

Coatings  designed  to  meet  MIL-C-81751  have  been  in  use  for  a 
quarter  century.  During  this  period  the  coatings  have  been 
improved  as  conditions  of  operation  have  changed.  Now,  topcoatea 
systems  are  almost  universally  used  because  of  superior 
performance.  Work  continues  to  extend  the  possible  uses  of  this 
adaptable  coating  system. 


SEM  PHOTOMICROGRAPHS  OF  tli.L-C-8 1 75 IB 


Figure  5:  Cross  Section  optical  photomicrograph 
of  a  Class  1  coating  (SermeTel  W)  500X 


Figure  7 :  SEM  Photomicrograph 
of  the  Surface  of  a  Sealed  Class  4 
coating  (SermeTel  725)  1000X 


Figure  8:  SKM  IMiorow  ic  i  ograph 
of  a  cross  section  oi  a  sealed 
Class  4  coating  (SoniieTeJ  725) 
1500X 
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ABSTRACT 


The  interfacial  region  between  a  polymer  coating  and  a  metal 
substrate  was  studied  using  three  techniques.  Each  technique  per¬ 
mitted  interface  integrity  and  was  performed  under  normal  atmo¬ 
spheric  pressure  conditions.  Infrared  analysis  of  the  polymer  at 
the  interface  was  accomplished  by  using  an  internal  reflectance 
technique  through  an  optically  thin  metal  film.  A  second  infrared 
technique  employed  photoacoustic  spectroscopy  of  thin  polymer  films 
on  high  surface  area  metal  substrates.  Emission  Mftssbauer  spec¬ 
troscopy,  made  surface  sensitive  by  depositing  less  than  a  mono- 
layer  of  ^Co  on  a  cobalt  substrate,  permitted  evaluation  of  the 
chemical  changes  occurring  on  the  cobalt  substrate  as  a  result  of 
polymer  coating  application  and  cure.  Each  technique  revealed  the 
presence  of  metal  carboxylates  within  the  interfacial  region. 

These  carboxylates  may  provide  primary  bonding  between  coating  and 
substrate . 


INTRODUCTION 

One  of  the  major  uses  of  polymer  coatings  is  metal  substrate  protection 
against  corrosion.  Protective  organic  coatings  have  intimate  contact 
between  coating  and  metal.  Such  contact  may  yield  chemical  interactions 
between  the  organic  and  metal  components  which  may  beneficially  or  adversely 
affect  the  utility  of  the  polymer/metal  system. 
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The  research  described  herein  is  part  of  a  program  designed  to  under¬ 
stand  better  the  protection  provided  by  organic  coatings  to  metal  sub¬ 
strates.  A  focus  of  this  research  is  to  understand  the  chemistry  of  the 
interface  between  coating  and  substrate  and  to  predict  its  influence  on 
coating  performance.  One  of  the  polymers  under  study,  polyimide  (PI),  is  of 
current  interest  because  of  its  applications  in  the  fabrication  of  elec¬ 
tronic  devices.  Polyimide  is  a  tough  polymer  with  outstanding  thermal  and 
electrical  properties.  The  results  described  herein  may  be  applicable  to 
other  polymer  systems  that  have  intrinsic  or  latent  carboxylate  moieties. 

This  paper  describes  some  of  the  methods  selected  to  probe  the  chemistry 
of  the  interface  and  presents  data  for  polyimide  and  poly(acrylic  acid)  on 
cobalt,  copper  and  zinc,  as  well  as  our  current  hypothesis  for  the  interfa¬ 
cial  chemistry. 


BACKGROUND 

Acquiring  information  on  the  interfacial  region  between  coating  and 
metal  substrate  is  no  trivial  task.  Because  the  interface  represents  the 
junction  between  two  dissimilar  bulk  materials,  shown  schematically  in  Fig¬ 
ure  1,  experimental  methods  suitable  for  one  component  may  not  be  suitable 
for  the  study  of  the  other.  Further,  direct  experimental  access  to  the 
interface  is  hindered  by  the  two  components  which  make  up  the  interface. 

This  second  problem  has  been  eliminated  in  the  study  of  coating/substrate 
interfaces  by  a  number  of  investigators  by  peeling  the  coating  from  the  sub¬ 
strate  and  then  carefully  analyzing  both  halves  of  the  interface  separately. 
Such  techniques  suffer  from  the  disadvantage  that  the  subject  of  Interest, 
the  interface,  has  been  destroyed. 

We  have  chosen  to  keep  the  interface  intact  during  our  analyses. 

Indeed,  fulfilling  the  following  criteria  would  constitute  an  Ideal  3tudy  of 
the  interface. 

1)  The  method  should  be  Interface-specific. 

2)  In  keeping  with  criterion  #1,  the  method  should  provide  infor¬ 
mation  on  both  the  coating  and  the  substrate. 

3)  The  method  should  be  non- des true tive . 

4)  The  method  should  be  widely  applicable  to  many  systems. 

5)  The  method  should  allow  for  concurrent  analyses  and/or  envi¬ 
ronmental  control. 

The  techniques  we  have  chosen  to  analyze  the  coating/metal  interface  are 
internal  reflection  infrared  spectroscopy,  photoacoustic  IR  spectroscopy  and 
emission  Mossbauer  spectroscopy.  By  sampling  through  an  optically  thin 
metal  substrate  into  the  coating  using  the  internal  reflection  technique  we 
are  able  tc  identify  chemical  moieties  in  the  coating  at  the  interface  and 
draw  conclusions  as  to  the  coating  chemistry  at  ths  interface.  The  photo¬ 
acoustic  technique  allows  similar  sampling  through  a  thin  coating  on  a  high 
surface  area  substrate,  The  Mossbauer  technique  is  made  interface-sensitive 
by  electrodepositing  a  monolayer  of  the  active  cobalt  species  onto  the  sur- 
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face  of  a  cobale  substrate.  The  Mbssbauer  spectra  obtained  provide  Informa¬ 
tion  on  the  chemical  state  of  the  cobalt  in  contact  with  the  coating,  thus 
enabling  us  to  draw  conclusions  about  the  reactivity  of  cobalt  with  the 
coating. 

None  of  these  techniques  alone  fulfills  all  the  criteria  cited  for  an 
ideal  interfacial  study.  However,  together  they  complement  each  other  to 
yield  chemical  information  at  the  coating/substrate  interface  without  its 
disruption. 


Internal  Reflection  FTIR  -Internal  reflection  infrared  spectroscopy 
permits  analysis  of  a  sample  to  depths  of  a  fraction  of  the  incident  radia¬ 
tion  wavelength  (for  IR  techniques,  depths  of  several  microns).  Control  of 
the  sampling  depth,  dp,  can  be  made  by  choice  of  the  refractive  index  ratio 
between  sample,  n2 ,  and  internal  reflecting  element,  n^,  and  the  angle  of 
incidence,  8,  (see  Figure  2)  as  given  by  Harrick  [1], 


P  2»rn^[sin20^  -  (n^/n^)2] 

As  an  example,  a  KRS-5  prism  (n^  -  2.35)  in  contact  with  a  polymer  of 
refractive  index  of  1.5  and  an  incident  angle  of  45°,  the  sampling  depth 
ranges  from  0.5  pm  at  4000  cm"^  to  4.0  pm  at  500  cm"  . 

Such  sampling  depths  are  far  in  excess  of  Interfacial  specificity;  how¬ 
ever,  by  applying  the  coatings  to  ultra-thin  transparent  metal  films,  we  can 
obtain  spectra  at  both  the  coating/air  interface  and  the  coating/metal 
interface.  Calculation  of  the  difference  spectra  provide  information  spe¬ 
cific  to  the  metal/polyraer  interface.  Approximately  50  A  thick  film  of 
cobalt  (99.99%  purity)  was  evaporated  at  10*6  torr  ente  a  carbon- sputtered 
glass  slide.  The  slide  is  carbon-sputtered  prior  to  metal  deposition  to 
facilitate  easy  removal  of  both  metal  and  organic  coating  from  the  slide. 
Poly(amic  acid)  (PAA)  in  N-methyl  2-pyrrolidone  Is  then  spin-coated  onto  the 
metallized  slide.  The  first  stage  cure  (A- stage)  consists  of  stoving  the 
material  at  85*C  for  12  min  to  drive  off  the  solvent.  The  polymer  film  at 
this  stage  is  still  PAA.  The  B-stage  cure  requires  20  min  at  200*C  and 
results  in  an  imidizeJ  material.  Nominal  polyiraide  (PI)  coating  thicknesses 
were  12±2  pm. 
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After  either  A-  or  B-stage  cure,  the  polymer  and  metal  were  peeled  from 
the  slide  as  shown  in  Figure  3.  The  sample  was  mounted  onto  a  foam  strip 
with  metal  side  down  or  metal  side  up  to  allow  sampling  through  either  the 
coating/air  or  the  coating/metal  interface. 

Spectra  were  obtained  at  4  cm'^  resolution  on  a  Mattson  Sirius  100 
Fourier  Transform  Infrared  Spectrometer.  The  sample  spectra  were  ratioed 
against  a  background  spectrum  obtained  for  the  KRS-5  prism  alone.  Direct 
comparison  of  the  spectra  obtained  from  the  air  versus  metal  side  of  the 
coating  was  made  by  a  spectral  subtraction  technique. 

Photoacoustic  Spectroscopy  -  The.  internal  reflection  technique  used  to 
determine  the  interfacial  interactions  has  the  disadvantage  of  excess  sam¬ 
pling  depth  (0.5-4  pm)  into  the  polymer.  Thus,  chemistry  that  is  specific 
to  the  interface  will  be  represented  in  the  resulting  spectra  only  as  a 
minor  component.  Another  mode  of  IR  sampling  was  desired  to  provide  addi¬ 
tional  support  for  the  results  obtained  with  the  internal  reflection  tech¬ 
nique. 

The  wide  variety  of  sample  configurations  adaptable  to  this  technique 
permitted  us  to  analyze  an  ultra- thin  polymer  film  on  a  high  surface  area 
metal  sample.  The  sample  was  prepared  by  stirring  metal  powder  in  a  1% 
polymer  solution.  The  powder  was  removed  from  the  solution  and  the  solvent 
allowed  to  evaporate.  For  polyimide,  curing  times  were  decreased  50%  rela¬ 
tive  to  10  pm  thick  polymer  films.  After  curing,  any  excess  polymer  film 
was  removed  and  the  powder  was  collected.  No  attempt  was  made  to  determine 
the  fraction  of  metal  covered  with  polymer. 

Figure  4  shows  a  schematic  of  the  PAS  IR/sample  interaction  and  signal 
ue Lee  Lion .  A  sample  is  placed  in  the  sample  cup  and  sparged  with  helium 
gas.  A  modulated  IR  beam  is  directed  onto  the  sample  through  a  NaCl  window. 
At  frequencies  where  no  absorption  occurs,  the  incident  radiation  is  either 
reflected  or  transmitted.  However,  at  those  frequencies  wheire  al  sorption 
occurs,  the  infrared  energy  is  converted  to  thermal  energy.  The  thermal 
energy  creates  a  pressure  wave  within  the  cup  cell  which  is  detected  by  a 
sensitive  microphone.  Signals  to  the  detectoi  arise  only  where  absorption 
of  that:  particular  frequency  oecuis.  The  Foui  icr  transform  technique  allows 
lor  repeated  modulation  so  that  the  resulting  signals  can  be  summed  to 
increase  the  signal-to-noise  ratio. 

The  metal  powder  with  polymer  was  placed  in  the  sample  cup  of  the  PA 
FTIR  spectrometer,  IBM  Model  97,  and  the  spectrum  recorded.  The  spectrum 
was  ratioed  against  a  background  spectrum  obtained  for  the  metal  powder 
alone . 


Since  poly(amic  acid)  was  believed  to  react  with  certain  metals  to  form 
metal  earboxylate  species,  poly(acrylic  acid)  (FAC)  was  used  to  determine 
the  possibility  that  a  polymer  group  chemically  reacts  with  a  metal  sub¬ 
strate.  PAC  has  a  much  higher  density  of  acid  groups  and  is  more  flexible 
than  PAA .  In  addition,  the  acid  group  is  the  only  functional  group  on  PAC, 
simplifying  the  resulting  spectra  and  eliminating  other  complications. 

Mossbauer  Spectroscopy  -  This  nuclear  resonance  technique  provides 
detailed  information  on  the  electronic  state  of  inetals.  In  emission  geom¬ 
etry,  the  sample  serves  as  the  source  of  gamma  rays  (Figure  5).  The  sample 
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is  made  the  source  by  doping  the  sample  with  the  Mossbauer  active  nuclide  or 
its  precursor  (-^Co  in  these  experiments)  into  the  sample. 

An  electrodeposition  method  based  on  the  technique  of  Deszi  and  Molnar 
[3]  using  ^  Co CI2  in  a  hydrazine  and  an  ammonium  citrate  bath  was  utilized 
to  form  a  thin  layer  of  radioactive  cobalt.  Deposition  times  ranged  from  4 
to  8  h  to  ensure  a  sufficient  concentration  of  the  nuclide  on  the  surface. 
The  surface  concentration  was  estimated  to  be  10^  Bq,  Although  this  concen¬ 
tration  amounts  to  less  than  a  monolayer  of  cobalt  deposited  by  weight,  it 
must  be  borne  in  mind  that,  the  deposit  exhibited  an  island-like  morphology 
as  revealed  by  electron  microscopy.  An  -“^Fe-enriched  stainless  steel  foil 
was  used  as  the  absorber. 

Mossbauer  spectra  were  recorded  at  room  temperature  after  cobalt  deposi¬ 
tion  and  following  subsequent  polymer  castings  and  cures.  In  this  way  the 
chemistry  of  the  surface  of  the  cobalt  was  monitored  by  spectral  changes 
occurring  as  a  consequence  of  polymer  coating  or  cure.  In  addition  to  PI, 
I’AC  was  also  used  as  a  coating.  A  linear  combination  of  the  Lorentzian 
function  was  used  for  evaluation  of  the  spectra. 


RESULTS 


Internal  Reflection  FTIR  -  There  exist  no  notable  differences  between 
polymer  at  the  metal  or  air  interface  for  PAA  as  seen  in  the  spectra  in  Fig¬ 
ure  6.  Both  spectra  reveal  the  characteristic  stretching  and  bending  modes 
expected  for  PAA.  The  carbonyl  stretch  region  reveals  a  number  of  species; 
a  benzanil.ide  moiety  is  represented  as  a  medium  peak  at  1717cm' ^  and  the 
overlapping  peaks  at  1638  and  1605  cm'^  are  given  the  assignments  of  intra- 
moleculariy  H-bonded  acid  and  secondary  amide,  respectively.  The  band  at 
1539  cm'^  is  assigned  to  the  N-H  bending  mode.  The  aromatic  ether  C-0 
stretch  (1229  cm'*)  overlaps  with  the  C-N  stretch  at  1211  cm"-*-.  An  aromatic 
C-C  stretch  is  found  at  1497  cin'*. 


The  difference  spectrum  (metal  less  air  interface)  shown  in  Figure  7 
reveals  chemical  bonds  more  prevalent  at  the  metal  Interface.  The  most 
prominent  feature  of  this  spectrum  is  the  band  at  1377  cm'*  which  is  given 
the  assignment  of  a  symmetric  OO  stretch  of  a  carboxylate  ion.  The  asym¬ 
metric  stretch  i.s  found  at  1576  cm'^.  Further  support  for  these  assignments 
is  given  by  the  decrease  in  the  O-H  bending  mode  at  1410  cm"*.  The.  fre¬ 
quency  difference  between  the  asymmetric  and  symmetric  carboxylate  stretches 
provides  a  basis  for  the  identification  of  the  nature  of  the  carboxylate 
present.  For  PAA/Co  this  difference  is  199  cm"\  which  is  of  the  order  of 
ionic  carboxylates  (copper(T.I)  formate  has  a  At/  -  181  cm'*[4]). 

After  B-stage  cure,  the  IR  spectrum  (Figure  8)  reflects  the  imidlzatton 
of  PAA  to  PI,  The  emergence  of  a  peak  at  1777  cm'*  is  representative  of  the 
carbonyl  stretch  for  a  coupled  imide .  The  benzanilide  C*»0  stretch  at 
1717  cm"^  hes  increased  substantially  as  has  the  C-N  stretch  at  1370  cm  * . 
The  bands  at  1638,  1605,  and  1539  cm"*  have  all  decreased  in  intensity 
indicative  of  the  decrease  in  acid  and  2°  amide  functionalities  in  the  imi- 
dized  polymer.  The  peaks  at  1495  (aromatic  C-C)  and  1229  cm’^  (aromatic 
ether  C-0)  remain  virtually  unchanged.  Differences  in  the  two  spectra 
obtained  for  PI  are  subtle,  but  nevertheless  indicative  of  further 
polymer/substrate  interaction.  The  5'  ctruin  obtained  for  PI  at  the  cobalt 
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interface  reveals  a  shoulder  at  about  1670  cm'*  and  the  emergence  of  a  small 
peak  at  1530  cm'*. 

These  and  other  differences  are  revealed  more  clearly  in  the  difference 
spectrum  (Figure  9) .  The  difference  spectrum  reveals  peaks  at  1584  and 
1397  cm'*;  similar  peaks  were  observed  in  the  PAA  difference  spectrum  and 
assigned  as  the  asymmetric  and  symmetric  stretches  of  a  carboxylate  car¬ 
bonyl,  respectively.  These  peaks  in  the  PI  difference  spectrum  are  given 
the  same  assignments  since  one  would  expect  these  species  to  exist  in  the 
imidized  polymer.  Moreover,  one  observes  an  enrichment  of  N-H  bonds  (posi¬ 
tive  peak  at  1300  cm'*)  and  a  depletion  of  C-N  bonds  (negative  peak  at  1370 
cm"-*')  at  the  Pi/cobalt  interface.  These  data  provide  further  evidence  of 
the  presence  of  interfacial  carboxylates . 

The  most  prominent  feature  of  this  difference  spectrum  is  the  strong 
band  at  1647  cm"*.  An  assignment  to  this  absorbance  is  not  easily  made.  In 
fact,  two  different  assignments  seam  equally  plausible.  The  peak  may  arise 
from  complexation  of  the  imidc  oxygen  with  cobalt.  Rollinson  and  White  [5] 
have  shown  that  such  complexation  with  chromium(lll)  lowers  the  frequency 
for  the  amide  C— 0  stretch  by  10  to  70  cm"*-.  The  shift  observed  for  the 
present  case  is  64  cm'*,  within  the  range  cited.  Alternatively,  one  may 
propose  a  unidentate  coordinated  carboxylate  forming  between  the  PI  and  the 
cobalt.  Such  a  species  would  require  C-N  bond  scission.  Unidentate  coordi¬ 
nated  carboxylates  give  rise  to  a  larger  hv  value  than  the  ionic  carboxyla¬ 
tes,  as  the  asymmetric  stretch  is  shifted  to  higher  and  the  symmetric  to 
lower  frequencies  [6],  Hence,  the  large  peak  at  1647  cm"*-  could  be  given 
the  assignment  of  the  asymmetric  stretch  and  the  peak  at  1339  cm"*  assigned 
as  the  symmetric.  C-0  stretch. 

Photoacoustic  Spectroscopy  -  The  photoacoustic  infrared  spectra  for  PAC 
on  copper,  cobalt  and  zinc  are  shown  in  Figure  10.  The  spectrum  for  PAC  on 
copper  shows  the  i/c„o  f°r  a  carboxylic  acid  at  1720  cm"*.  For  PAC  on  cobalt 
and  zinc,  the  major  band  for  is  found  at  -1580  cm"*  which  is  indicative 

of  the  asymmetric  stretch  for  a  carboxylate  anion.  In  addition,  a  peak  is 
observed  at  1360  cm'*  indicative  of  the  symmetric  carboxylate  stretch. 

These  bands  compare  well  with  the  tentative  carboxylate  assignments  given, 
for  the  internal  reflection  data  with  PA4,  A  comparison  of  the  bands  is 
given  in  Table  1. 

Thus  the.  1R  data  indicate  the  existence  of  a  chemical  interaction 
between  PAA,  PAC  or  PI  with  cobalt.  Moreover,  we  have  proposed,  based  on 
these  data,  that  the  interaction  results  in  the  formation  of  an  ionic  cobalt 
carboxylate  species  in  PAA  and  PAC.  Upon  iinidization,  in  addition  to  the 
presence  of  the  ionic  carboxylates.  the  1R  data  suggest  further  interaction , 
either  through  e  complexation  of  the  imide  oxygen  or  the  formation  of  a  uni¬ 
dentate  coordinated  carboxylate.  To  confirm  or  refute  cur  tentative  assign¬ 
ments  in  the  IR  and  to  provide  us  with  some  sort  of  mechanistic  approach  to 
the  chemical  interaction  occurring  at  the  interface,  we  now  consider  the 
previously  published  Mdssbauer  data  [2]. 


Emission  Mossbauer  Spectroscopy  -  Figure  11  shows  a  representative 
Mossbauer  spectrum  of  a  eleccrodejjosit  on  a  cobalt  foil.  The  spectrum 

reveals  that  the  deposit  is  largely  Co*"1".  The  hyperfine  parameters  suggest 
the  compound,  CoOOli .  The  spectrum  also  indicates  the  presence,  of  metallic 
cobalt  and  CoiOHip-  After  coating  this  same  elcctrodepostt  with  PAA  and 
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curing  at  85°C,  the  spectrum  shown  in  Figure  12  is  obtained.  It  is  readily 
apparent  that  the  metallic  cobalt  has  been  totally  consumed  to  yield  an 
increase  in  the  Co^+  fraction.  Closer  inspection  of  this  Co^+  fraction 
indicates  a  change  in  the  hyperfine  parameters,  namely  6  -  -1.20  mm/s  and 
AE  -  2.03  mm/s.  These  values  more  closely  match  those  given  by  Grant  and 
coworkers  for  bulk  FeC20^-2H2Q  (6  -  1.20  mm/s,  AE  -  1.72  mm/s)  and  bulk 
FeC03  (6  -  1.24  mm/s,  AE  -1.80  mm/s)  [7]  and  by  Friedt  and  Asch  for  bulk 
CoC204'2H20  (6  -  1.28  mm/s,  AE  -  1.72  mm/s)  and  bulk  C0C2O4  anhydride  (S  - 
1.27  mm/s,  AE  -  1.55  mm/s)  [8]  than  for  Co(0H)2  (6  -  -1.34  mm/s,  AE  ranges 
from  2.32  to  2.80  mm/s)  [9],  These  data  are  tabulated  in  Table  2.  Upon 
B-stage  cure  (Figure  13) ,  the  fraction  of  Co^+  in  the  deposit  continues  to 
increase,  however,  now  at  the  expense  of  the  Co^+  component  rather  than  the 
metallic  cobalt.  Still,  the  hyperfine  parameters  were  consistent  with 
Co-O-C  bonding  rather  than  an  oxide  or  oxy-hydroxide .  This  same  trend  has 
been  observed  in  another  experiment  in  which  the  electrodeposit  initially 
showed  mostly  metallic  character  with  no  Co^+  component. 

Because  the  literat.  e  values  quoted  represent  bulk  samples  of  these 
compounds,  some  degree  of  inaccuracy  is  to  be  expected.  To  alleviate  some 
of  the  burden  of  relying  too  heavily  on  these  values,  a  -^Co  electrodeposit 
was  coated  with  poly(acrylic  acid)  cast  from  a  methanol  solution.  The 
Mossbauer  spectra  obtained  prior  to  and  after  PAC  coating  are  shown  in  Fig¬ 
ure  14  and  reveal  the  significant  increase  in  the  Co^+  fraction  at  the 
expense  of  the  metallic  cobalt  fraction.  The  hyperfine  parameters  of  this 
Co  +  fraction,  as  shown  in  Table  2,  support  the  hypothesis  of  cobalt  carbox- 
ylates  at  the  interface. 

The  Mossbauer  data  also  provide  us  with  a  mechanistic  approach  to  the 
formation  of  these  carboxylates .  Of  the  three  components  which  make  up  the 
Co  electrodeposit,  the  metallic  cobalt  is  observed  to  be  the  primary  reac¬ 
tant  with  the  acid  moieties  of  PAA. 


Co  + 


Cobalt  has  also  been  observed  to  react  with  PAC  to  form  carboxylates.  A 
modest  increase  in  the  Co^+  fraction  at  this  stage  may  be  rationalized  in 
terms  of  a  competing  reaction  with  cobalt  metal  and  water  from  the  intidiza- 
t.ion  reaction  during  cure. 

4  Co  +  2H20  +  302  -+  4CoOOH 
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In  addition,  the  CoOOH  may  also  react  with  the  PAA. 


Co-0 


After  imidization,  further  decreases  in  the  Co^+  fraction  with  concom¬ 
itant  increases  in  the  complexed  Co^+  fraction  indicate  that  CoOOH  may  react 
with  the  PI, 


SUMMARY 


The  infrared  and  Mossbauer  techniques  revealed  the  existence  of  cobalt 
carboxylates  formed  at  the  interface.  It  has  been  shown  that  the  metallic 
cobalt  was  reactive  with  the  acid  groups  of  PAA.  Cobaltous  ions  act  as 
cross-linking  sites  through  carboxylate  anions  in  the  polymer.  In  addition, 
the  carboxylates  may  provide  a  mode  for  cobalt  cation  transport  into  the 
polymer.  The  presence  of  these  carboxylates  was  observed  in  the  imidized 
polymer . 


Upon  imidization,  another  interaction  between  cobalt  and  PI  is  observed; 
the  IR  data  suggest  either  a  unidentate  coordinated  carboxylate  or  imide 
complexation  with  cobalt.  Either  of  these  species  may  promote  adhesion  of 
the  coating  to  the  substrate  through  the  incorporation  of  primary  bonding 
between  coating  and  substrate. 


Photoacoustic  infrared  spectroscopy  provided  useful  corroborative  infor¬ 
mation  of  interna]  reflection  IR  band  assignments  and  an  alternative  sample 
preparation  method. 
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It  is  the  goal  of  our  continuing  research  to  understand  better  the 
effects  of  these  interfacial  interactions  and  their  relationship  to  the 
development  of  organic  coatings  with  greater  protective  properties. 
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Table  1 


Comparison  of  IR  Bands  for  PAC  and  PAA 


Bands 


Polymer 

Cobalt 

(cm"  ■*■) 

Zinc 

Conner 

PAC 

1360a 

1360a 

1580a 

1580a 

— 

.... 

1720b 

PAA 

1377a 

1377a 

1576a 

1576a 

-  -  -  - 

— 

.... 

1717b 

a  -  Carboxylate  asymmetric  C=0  stretch, 
b  -  Free  acid  band. 


Table  2 

Mossbauer  Hyperfine  Parameters  for  Cq2+  Component 


A  6  AE  ref. 


Sanrole 

.  (%) . 

(mm/s) 

(mm/s) 

Co-57  dp* 

13.5 

-1.21 

2.40 

2 

PAA 

34.7 

-1.20 

2.03 

2 

PI 

46.0 

-1.17 

2.10 

2 

Co -57  dp* 

0.0 

_  -  . 

— 

2 

PAA 

10.5 

-1.35 

1.92 

2 

PI 

15.8 

-1.22 

1.94 

2 

Co -57  dp* 

1.7 

-0.65 

2.74 

_ 

PAC 

85.1 

-1.06 

1,83 

- 

a -Co (OH) 2 

bulk 

-1.34 

2.32-2.80 

9 

FeC204'2H20 

bulk 

1.20 

1.72 

7 

FeC03 

bulk 

1,24 

1.80 

7 

CoC?04-2H20 

bulk 

1.28 

1.72 

8 

CoC204 

bulk 

1.27 

1,55 

8 

*  -  dp  (electrodeposi ted  on  cobalt) 

CN>  CM  CNJ 


Figure  1.  Schematic  profile  of  an  organic  coating  on  a  metal  sub¬ 
strate  , 


i «  p 


Figure  2  Sampling  geomuLry  tor  interna]  reflectance  infrared  spec¬ 
troscopy.  The  infrared  beam  is  incident  upon  the  fact;  of 
the  internal  reflecting  element  (IRE)  and  is  internally 
reflected  the  length  of  the  prism,  penetrating  into  the 
sample  a  fraction  of  a  wavelength  upon  each  reflection. 
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Figure  3.  Specimen  preparation  for  sampling  the  polymer  through  both 
t.he  polymer/air  and  polymer/metal  interfaces.  I  he  metal, 
film  thickness  is  about  10  A. 


Pho toacous t i c  Infrared  Spectroscopy 


Fi gure  4 , 


Schematic  of  the  photoacoustic  technique. 
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MOSSBAUER  SPECTROSCOPY 


Figure  5.  Schematic  diagram  of  the  sot-up  for  a  Hossbauer  experiment 
In  emission  geometry  the  sample  serves  as  the  source  of 
gamma  rays . 


WAVENUMBERS 


Figure  6.  Infrared  spectra  for  poly(arnie  acid)  on  cobalt  at  the  a) 
polyiner/air  interface  and  b)  polymer/metal.  interface. 


wavenumbers 

Figure  7,  Infrared  difference  spectrum  of  po]y(amic  acid)  on  cobalt, 
at  the  metal  interface  and  at  (lu;  air  interface;. 
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VELOCITY(mm/s) 

Figure  11.  Emission  Mossbauer  spectrum  for  5^Co  electrodeposited  on 
cobalt  foil.  Spectrum  recorded  at  room  temperature  using 
an  Fe-enriched  stainless  steel  foil  absorber.  Reproduced 
from  ref.  [2], 


Figure  12.  Emission  Mossbauer  spectrum  obtained  after  poly(amic  acid) 
deposition  and  A-stage  cure.  Reproduced  from  ref.  [2]. 


VELOCITY  (mm/s) 

Figure  13.  Emission  Mossbauer  spectrum  obtained  after  B-stage  cure 
(polylmide) .  Reproduced  from  ref.  (2). 
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Figure  14.  Emission  Mossbauer  spectra 
obtained  for  a)  -^Co  electrodeposit 
on  cobalt  foil  and  b)  that  same  elec 
trodeposit  after  poly(acrylic  acid) 
deposition. 
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ION  BEAM  ALLOYING  OF  ALUMINUM  FOR 
CORROSION  RESISTANCE 


P.  M.  Natishan,  E.  McCafferty,  and  G.  K.  Hubler 
Naval  Research  Laboratory 
Washington,  DC  2037*5-5000 


ABSTRACT 


Ion  beam  alloying  techniques  overcome  many  of  the  problems  associated 
with  conventional  alloying.  Novel  aluminum  surface  alloys  were  prepared  by 
ion  implanting  aluminum  with  Si,  Zr,  Nb,-  Cr,  Mo,  Zn,  or  A1  at  nominal 
concentration  of  4  or  12  atomic  percent.  The  results  showed  that 
implantation  with  Cr,  Si,  Mo,  Zr,  and  Nb  produced  surface  alloys  that  were 
more  resistant  to  pitting  than  aluminum,  and  that  implantation  with  Zn 
produced  a  surface  alloy  that  was  less  resistant  to  pitting  attack.  The 
implantation  of  aluminum  into  aluminum  had  no  effect  on  the  pitting 
potential,  indicating  that  the  increased  and  decreased  pitting  potentials 
observed  for  the  other  implants  was  a  chemical  effect.  The  increased  and 
decreased  pitting  resistance  of  the  surface  alloys  was  related  to  the 
surface  charge  character  of  the  oxide  film.  The  pit  morphology  indicated 
that  blister  formation  and  rupture,  caused  by  gas  production  at  the 
oxide/metal  interface,  was  an  important  part  of  pit  propagation. 
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INTRODUCTION 


In  recent  years  there  has  been  much  interest  [1-5]  at  the  Naval 
Research  Laboratory  in  improving  the  corrosion  behavior  of  metals  and 
alloys  by  modification  of  their  surfaces  using  directed  energy  beams.  Two 
areas  of  research  involve  the  processing  of  metal  surfaces  by  ion  beams  or 
by  high  energy  lasers.  These  surface  alloying  techniques  provide  a  method 
of  conserving  scarce,  expensive,  or  critical  materials  by  concentrating 
them  in  the  surface  where  they  are  required  for  applications  such  as 
corrosion  protection,  wear  resistance,  or  catalytic  performance. 

This  communication  will  discuss  surface  alloying  in  regards  to  ion 
implantation.  Some  distinct  advantages  of  ion  implantation  as  used  in 
corrosion  science  are  that  special  alloys  which  inhibit  corrosion  may  be 
formed  at  the  surface  of  a  metal  without  the  alteration  of  desired  bulk 
properties.  The  fact  that  ion  implantation  is  a  non-equilibrium  technique 
permits  the  formation  of  surface  alloys  which  can  exceed  the  solid 
solubility  1 i mi t s  of  the  implanted  species.  Metastable  phases  and 
amorphous  alloys  produced  in  this  manner  are  unattainable  by  conventional 
alloying  techniques.  There  is  no  problem  with  adhesion  of  the  surface 
layer  as  there  is  with  deposited  coatings  since  there  is  no  abrupt  inter¬ 
face  present  between  the  impl anted-al loy  layers  and  the  substrate.  These 
and  other  advantages  of  the  ion  implantation  method  are  summarized  in  Table 
1.  Table  2  contains  the  various  parameters  that  can  be  used  to  tailor  the 
composition  of  a  surface. 
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A1 uni  nun  Alloys  and  Surface  Alloys 

The  major  corrosion  problem  with  aluminum  is  the  localized  breakdown 
of  the  passive  film,  which  leads  to  the  initiation  and  growth  of  corrosion 
pits.  Improvements  in  the  localized  corrosion  resistance  of  aluminum  by 
conventional  alloying  techniques  are  limited  in  two  regards.  First,  alloy¬ 
ing  additions  are  normally  based  on  strength  considerations;  but  the  re¬ 
sulting  intermetal  1 ic  phases  generally  disrupt  the  passive  film  and  are 
detrimental  to  corrosion  resistance  (6).  Second,  most  alloying  elements 
which  are  known  to  impart  improved  corrosion  properties  have  a  limited 
solubility  in  aluminum.  In  contrast,  surface  modification  techniques  such 
as  ion  implantation  are  non-equilibrium  processes  and  offer  a  means  of 
producing  solid  solution  surface  alloys  which  can  exceed  the  solid 
solubility  limits  of  the  implanted  species. 

In  order  to  deal  with  corrosion  prevention  in  a  systematic  fashion,  it 
is  important  to  understand  the  mechanisms  involved  in  passivity  and  its 
breakdown.  In  particular  how  and  why  alloying  elements  enhance  or  degrade 
the  resistance  to  corrosion.  To  cause  pitting,  an  anion  such  as  chloride 
must  first  adsorb  at  the  oxide/solution  interface.  Little  attention  has 
been  given  to  this  first  step,  largely  because  of  the  difficulty  in  the 
experimental  determination  of  adsorption  isotherms  for  small  area  samples. 
However,  as  noted  by  Hoar  (7),  "Adsorption  is  the  primary  act  in  every 
heterogeneous  process  at  the  metal/'  solution  interface,  and  the  nature  and 
subsequent  fate  of  the  metal  adsorbate  "complex"  determines  whether  metal 
dissolution  or  passivation  occurs". 

An  important  parameter  controlling  the  surface  charge,  and  therefore, 
the  adsorption  characteristics  of  an  oxide  covered  metal,  is  the  pH  of  zero 
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charge  of  the  oxide  (8,9).  In  the  absence  of  specific  adsorption  the  pH  of 
zero  charge  of  an  oxide,  pHpzc,  is  the  pH  at  which  the  surface  of  the  oxide 
has  no  net  charge.  See  Figure  1.  At  pH's  lower  than  the  pHpzc  the  surface 
has  a  net  positive  character,  and  anions  such  as  chloride  are  electro¬ 
statically  attracted  to  the  surface  and  can  become  incorporated  in  the 
oxide.  When  the  pH  is  higher  than  the  pHpzc,  the  suiface  has  a  net  nega¬ 
tive  charge,  and  anion  adsorption  is  inhibited. 

In  this  investigation,  ion  implantation  was  used  to  produce  binary 
aluminum  surface  alloys  using  elements  whose  oxides  were  of  known  pHpZc. 

In  particular,  it  will  be  shown  that  implanted  elements  chosen  because  of 
the  low  pHpzc  of  their  oxides  (Si,  Cr,  Zr,  Nb,  and  Mo)  produced  binary 
surface  alloys  that  had  higher  (more  positive)  pitting  potentials  than 
aluminum.  The  implant  chosen  because  of  the  high  pHpzc  of  its  oxide 
(Zn)  produced  a  binary  surface  alloy  that  had  a  pitting  potential  that  was 
lower  than  that  of  aluminum. 

Oxide  Blistering 

As  in  the  study  of  fracture  surfaces,  the  morphology  of  pits  can 
produce  valuable  information  on  their  mode  of  failure.  Investigators 
studying  the  pitting  behavior  of  ion  implanted  iron,  stainless  steels  and 
aluminum  have  observed:  undermining  of  the  oxide  film  (5,10,11),  pits 
that  were  still  covered  by  the  oxide  film  (12),  or  blistering  of  the 
oxide  (13-15).  Therefore,  it  would  seem  that  an  understanding  of  the 
events  that  produce  oxide  covered  pits  or  blisters  would  lead  to  a  better 
understanding  pitting  corrosion.  Bargeron  and  Givens  (13,14)  described 
blister  formation  and  rupture  on  anodized  aluminum  and  on  aluminum  with 
an  air-formed  oxide  films.  Their  results  suggest  that  blister  formation 


and  growth,  caused  by  gas  evolution  at  the  oxide/metal  interface,  occurs 
before  the  end  of  the  initiation  period  and  is  therefore,  an  important 
step  in  pit  initiation.  This  communication  will  describe  the  phenomenon 
of  blister  formation  and  rupture  on  ion  implanted  aluminum  as  marking  the 
beginning  of  pit  propagation  rather  than  pit  initiation. 

Experimental  Procedures 

After  polishing,  samples  were  implanted  with  a  selected  ion  (Cr,  Si, 

Zr,  Nb,  Mo,  Zn,  or  A1 )  at  a  nominal  angle  of  incidence  of  0°.  The  samples 
were  implanted  at  two  energies  calculated  to  produce  a  depth  concentration 
profile  that  had  a  nominal  peak  concentration  of  4  or  12  a/o  at  the  surface 
and  that  extended  500  angstroms  (A)  into  the  bulk  before  decreasing. 

The  pitting  potentials  for  implanted  and  unimplanted  samples  were 
determined  potentiostatical ly  in  a  deaerated  0.1M  NaCl  solution  using  a 
conventional  two  compartment  cell.  After  polarization  above  the  pittiriy 
potential,  the  samples  were  lightly  rinsed  with  distilled  water  and  the 
varnish  was  carefully  removed  using  a  razor  blade.  The  samples  surfaces 
were  observed  with  a  light  microscope  or  a  scanning  electron  microscope. 

RESULTS 

Implantation  Profiles 

The  implantation  parameters  were  selected  to  achieve  the  desired 
depth  concentration  profile  shown  in  Figure  2a.  The  actual  concentration 
profiles,  as  determined  by  RBS,  were  different  than  those  desired.  The 
RBS  profile  presented  in  Figure  2b  is  for  a  molybdenum  4  a/o  implanted 
aluminum  sample,  Mo(4  a/o)Al ,  The  concentration  of  Mo  at  the  surface  is 
less  than  2  a/o  with  the  peak  concentration  of  3,7  a/o  occurring  at  350 
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A.  It  was  assumed  that  the  discrepancy  between  the  desired  and  actual 
profiles  resulted  from  radiation  enhanced  diffusion  (RED),  ion  beam  mix¬ 
ing  (IBM),  or  ion  channeling  during  implantation  in  the  rather  large 
grains,  0.005  inches. 

Surface  Analysis  of  Oxide  Films 

Figure  3  presents  a  post  pitting  XPS  profile  for  a  Si ( 1 2  a/o)Al 
sample.  The  Si  concentration  at  the  surface  was  approximately  8  a/o. 
Similiar  XPS  profiles  for  Mo(12  a/o)Al  and  Zr(12  a/o)Al  showed  surface 
concentrations  of  1  to  2  a/o  and  3  to  4  a/o,  respectively.  These  pro¬ 
files  confirmed  the  presence  of  the  implant  material  in  the  oxide  film 
and  at  the  surface  of  the  oxide. 

Anodic  Polarization 

Figure  4  shows  anodic  polarization  curves  for  Zn(12a/o)Al  , 

Si (12  a/o)Al  and  unimplanted  aluminum.  The  important  characteristic 
of  each  curve  is  the  pitting  potential,  i.e.,  the  electrode  potential  at 
which  there  is  a  sudden  increase  in  current  density  due  to  the  initiation 
of  corrosion  pits.  At  potentials  below  (less  positive  than)  the  pitting 
potential,  pits  do  not  initiate:  but  above  the  pitting  potential,  pits 
initiate  and  grow.  A  higher  (more  positive)  pitting  potential  represents 
an  increased  resistance  to  pitting  corrosion.  Thus,  ion  implantation 
with  Si  increases  the  pitting  potential  of  A1  by  450  mV,  whereas  implan¬ 
tation  with  Zn  decreases  the  pitting  potential  by  250  mV.  It  should  be 
noted  that  implantation  of  A1  into  A1  has  no  effect  on  the  pitting 
potential,  see  Table  3.  This  fact  indicates  that  the  physical  effects  of 
implantation  are  unimportant  and  that  improvements  in  pitting  potential 
from  the  implantation  of  the  various  ions  can  be  attributed  to  chemical 
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effects.  Table  3  lists  pitting  potentials  in  de-aerated  0.1M  NaCl  for 
aluminum  implanted  with  Mo,  Nb,  Zr,  Si,  Zn,  Cr,  and  A1 . 

Oxide  Blistering 

Sample  handling  after  anodic  polarization  was  important  to  the 
observation  of  the  blisters  as  the  ruptured  oxide  films  were  delicate  and 
easily  removed.  Ultrasonic  cleaning  or  vigorous  gas  evolution  fron  a 
pit  can  destroy  the  remnants  of  a  ruptured  blister  leaving  only  the 
exposed  pit,  see  Figure  5, 

The  following  series  of  photos,  taken  after  anodic  polarization 
above  the  pitting  potential,  show  blisters  in  various  stages  of 
development.  For  illustrative  purposes,  blister  growth  is  described 
as  occuring  in  four  stages.  Stage  1  is  characterized  by  blisters  with 
no  visible  cracks  or  pores,  see  Figure  6.  These  unruptured  blisters  are 
similar  to  those  observed  by  Bargeron  and  Givens  (13,14).  The  unruptured 
blisters  are  usually  circular  or  oval  in  shape.  Blisters  that  have 
visible  cracks  were  described  as  being  Stage  2,  see  Figure  7.  Stage  3 
blisters  are  characterized  by  the  formation  of  a  secondary  region  at  the 
periphery  of  the  primary  circular/oval  region.  This  secondary  region 
differs  from  the  primary  region  in  that  there  appears  to  be  a  crystallo¬ 
graphic  etching  beneath  the  oxide,  see  Figure  8.  Ruptured  blisters  were 
designated  as  Stage  4;  an  example  is  presented  in  Figure  9. 

A  survey  of  the  area  of  failure  showed  that  the  blisters  ruptured  in 
the  center  twice  as  often  as  at  the  edge.  These  results  differed  from 
those  of  Bargeron  and  Givens  (13,14)  that  showed  that  blisters  ruptured 
at  the  edge. 
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DISCUSSION 


Pitting  of  Ion  Implanted  Aluminum 

In  order  to  explain  the  effect  of  the  implanted  species  on  the  pit¬ 
ting  resistance  of  the  substrate,  it  is  helpful  to  first  examine  the 
events  leading  to  the  formation  of  a  pit.  To  cause  pitting,  an  anion 
such  as  chloride  must,  in  turn:  1)  adsorb  at  the  oxide/solution  inter¬ 
face,  2)  penetrate  or  dissolve  through  the  oxide  film,  and  3)  react 
locally  with  the  underlying  metal. 

It  is  unlikely  that  ion  implantation  will  have  an  effect  on  the 
second  or  third  pitting  steps  outlined  above.  The  native  passive  film  on 
aluminum  is  already  amorphous  (16,17),  so  that  implantation  would  not  be 
expected  to  improve  the  resistance  of  the  film  to  penetration  by  Cl~ 
ions.  After  corrosion  pits  initiate  on  aluminum,  their  rate  of  propaga¬ 
tion  is  so  rapid  that  implanted  ions  will  probably  not  be  effective  in 
interfering  with  their  growth. 

As  noted  earlier,  the  pHpzc  effects  the  surface  charge  and  the 
adsorption  characteristics  of  an  oxide.  Therefore,  the  pHpzc  should 
also,  to  some  degree,  influence  the  susceptibility  of  an  oxide  covered 
metal  to  pitting.  If  the  pHpzc  does  affect  pitting,  then  it  might  be 
possible  to  predict  the  pitting  behavior  of  an  oxide  covered  metal  from 
the  pHpzc.  Figure  10  shows  the  surface  charge  character  in  the  range  of 
pH  0  to  14  and  the  pHpzc  of  two  oxides,  A1 2°3  and  Ta2C>5.  In  neutral 
solutions,  pH  7,  one  would  predict  that  an  oxide  covered  metal  whose 
oxide  had  a  pHpzc  lower  than  7,  such  as  TagOs  (pHpzc  2.8)  (18),  would  be 
more  resistant  to  pitting  than  an  oxide  covered  metal  whose  oxide  had 
a  PHpzc.  higher  than  7,  such  as  AT 2O3  (pHpzc  9.1)  (8,19,20).  In  fact. 
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tantalum  is  very  resistant  to  pitting  attack  (21),  whereas  aluminum  is 
susceptible  to  pitting  attack  (22,23).  In  terms  of  the  pHpzc,  the  pit¬ 
ting  resistance  of  tantalum  at  pH  7  is  explained  by  the  basic  nature 
(negatively  charged  surface)  of  the  oxide  which  inhibits  anion  adsorp¬ 
tion.  Aluminum  is  susceptible  to  pitting  attack  because  the  acidic 
nature  (positively  charged  surface)  of  the  oxide  at  pH  7  promotes  anion 
adsorption.  Figure  11  (2)  shows  the  relationship  between  the  pitting 
potential  of  several  oxide  covered  metals  in  nearly  neutral,  IK  Cl" 
solutions  and  the  pHpzc  of  their  hydrated  oxides.  The  information 
presented  in  Figure  11  is  for  metals  with  air  formed  oxide  films.  It 
can  be  seen  that  the  pitting  potential  increases  as  the  pHpzc  de¬ 
creases. 

The  results  of  this  investigation  showed  that  the  implantation  of 
Cr,  Zr,  Nb,  Mo,  and  Si  (low  pHpzc)  increased  the  pitting  potential  of 
aluminum  whereas  Zn  (high  pHpzc)  decreased  the  pitting  potential. 
Therefore,  it  appears  that  ion  implantation  offers  the  possibility 
of  inhibiting  or  enhancing  Cl"  ion  adsorption  by  changing  the  pHpzc  of 
the  interface.  As  shown  in  Figure  3,  the  implanted  ions  are  contained  in 
the  surface  oxide  film;  so  that  the  effect  of  ion  implantation  is  to 
replace  a  portion  of  the  surface  aluminum-oxygen  bonds  with  bonds  formed 
between  oxygen  and  that  of  the  implanted  ions. 

Blister  Formation  and  Rupture 

The  physical  appearance  of  the  blisters  observed  in  this 
investigation  support  a  modified  version  of  the  sequence  of  events 
proposed  by  Bargeron  and  Givens  (13,14).  Cracks  of  various  size  were 
observed  to  radiate  from  the  centers  of  the  blisters  and  were  present 


before  total  rupture.  These  cracks,  refered  to  as  secondary  cracks, 
are  believed  to  initiate  at  and  propagate  from  a  primary  crack  or  pore 
leading  from  the  solution  to  the  oxide/metal  interface  and  are  the  result 
of  stresses  caused  by  the  build-up  of  hydrogen  pressure  at  the 
oxide/metal  interface.  The  secondary  cracks  propagate  perpendicular 
to  the  initial  imperfection  and  finally,  when  the  pressure  is  great 
enough  the  bubble  ruptures  the  oxide  film. 

The  initial  crack  (primary  crack)  could  be  the  result  of  anion 
induced  cracking  of  the  oxide  (24-27)  or  an  existing  imperfection  in 
the  oxide  film  (10).  The  small  crack  or  pore  provides  a  path  for  the 
solution  to  reach  the  oxide/metal  interface.  When  the  potential  is  above 
the  pitting  potential,  metal  dissolution  and  hydrogen  production  occur  at 
the  base  of  the  crack.  The  dissolution  of  the  metal  and  hydrogen  produc¬ 
tion  mark  end  of  pit  initiation  and  the  beginning  of  pit  propagation. 

The  blisters  that  rupture  at  the  center,  as  seen  in  Figure  9,  are 
the  result  of  secondary  cracks  propagating  from  the  primary  crack.  The 
blisters  that  rupture  near  the  edges  are  the  result  of  secondary  cracks 
propagating  from  some  other  imperfection  or  a  second  primary  crack. 


SUMMARY 

The  approach  taken  in  this  investigation  was  to  examine  the  effect 
of  ion  implantation  on  the  pitting  behavior  of  aluminum  and  to  study  the 
morphology  of  the  pits  that  developed.  The  results  are  summarized  below: 

1.  All  the  binary  surface  alloys  produced  from  elements  (Si,  Cr,  Zr,  Nb, 
and  Mo)  that  were  chusen  because  of  the  low  pHpZC  of  their  oxide  had 
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higher  pitting  potentials  than  aluminum,  indicating  an  increased 
resistance  to  pitting  corrosion. 

2.  The  binary  surface  alloy  produced  from  Zn,  chosen  because  of  the  high 
pHpzc  of  its  oxide,  had  a  lower  pitting  potential  than  aluminum- 
indicating  a  decreased  resistance  to  pitting  corrosion. 

3.  Due  to  the  differences  in  the  surface  concentrations  of  samples 
receiving  the  same  apparent  implantation  dose,  it  was  not  possible 
to  quantitatively  correlate  increases  or  decreases  in  the  pitting 
potentials  of  the  surface  alloys  to  the  pHpZC  of  the  oxides  of  the 
implanted  species. 

4.  Gas  production  at  the  oxide/inetal  interface  is  responsible  for 
blister  formation  and  rupture,  and  the  eventual  propagation  of  the 
pit  into  the  bui  k, 
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TABLE  1.  Advantages  of  ion  implantation 

1.  No  sacrifice  of  bulk  properties. 

2.  Low  temperature  process. 

3.  Solid  solubility  limit  can  be  exceeded. 

4.  Alloy  preparation  independent  of  diffusion  constants. 

5.  No  coating  adhesion  problems  since  there  is  no  interface, 

6.  No  change  in  sample  dimensions. 

7.  Depth  concentration  distribution  controllable. 

8.  Composition  may  be  changed  without  affecting  grain  sizes. 

9.  Precise  location  of  implanted  area(s). 


TABLE  2.  Ion  implantation  parameters 


Implanted  elements  -  Virtually  any  element  from  hydrogen  to  uranium  can  be 

impl anted . 

Ion  energies  -  Normally  2  to  200  keV.  Energies  up  to  5  MeV  may  be 

obtained  with  the  Van  de  Graaff  accelerator. 

Implantation  depths  -  Vary  with  ion  energy,  ion  species  and  host  material. 

Ranges  normally  100  angstroms  to  10,000  angstroms. 

Range  distribution  -  Approximately  Gaussian.  Choice  of  energies  allow 

tailored  depth  distribution  profiles. 

Concentration  -  From  trace  amounts  up  to  50%  or  more. 

Host  material  -  Any  solid  material  can  be  implanted,  including  metals, 

semi-conductors,  and  insulators. 


Table  3:  Pitting  Potentials  of  the  Ion  Implanted  Aluminum 
Surface  Alloys  in  0.1M  NaCl . 

Unimplanted  A1 :  -0.700Vsce  (pHp2C  9.1) 

pHpzc  the  Oxide  of  Oxide  for 
?d  Ion  4  a/o  12  a/o  the  Implanted  Species  Listed  pHp 

-0,560  -0.545  1.8  -  2.1  35>16  M0O3 

-0.640  -0.340  1.8  -  2.2  5  Si02t 

-0.680  -0.585  2.8  ll+  Nb20s 

-0.660  -0.410  5.5  -  6.3  17>10  Zr02t 

-0.565  6.3  -  7.0  22  Cr203 

-0.700*  9.0  -  9.4  5, 7, 10, ’.3  Al203t 

-0.950  9.2  -  10.3  5  ZnO 


*Nominal  concentration  of  8  a/o. 
tOxide  composition  confirmed  by  XPS. 
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FIGURE  CAPTIONS 


Figure  1.  The  pH  dependence  of  the  surface  charge  character  of  an 

oxide:  positive  (pH<pHpZC),  neutral  (pH=pHpzc)  and  negative 
(pH>pHpZC). 

Figure  2.  (a)  Desired  and  (b)  actual  depth-concentration  profiles  for 

Mo(4a/o)Al  with  a  25-95  keV  implantation  energy  sequence. 


Figure  3.  XPS  depth-concentration  profile  of  Si(12a/o)Al. 

Figure  4,  Anodic  polarization  curves  for  Zn(12a/o)Al  ,  A1 ,  and 
Si (12a/o)Al . 

Figure  5.  Pit  that  is  partially  covered  by  the  oxide  a)  before 
ultrasonic  cleaning;  b)  after  ultrasonic  cleaning. 


Figure  6.  Stage  1  blister  formation:  no  visible  sign  of  cracks  on  the 
bl i ster . 


Figure  7.  Stage  2  blister  formation:  cracks  are  visable  on  the 
blister. 


Figure  8.  Stage  3  blister  formation:  blister  is  cracked  and 

crystallographic  etching  is  observed  under  the  blister. 


Figure  9.  Stage  4  blister  formation:  the  blister  is  ruptured. 

Figure  10,  Surface  charge  character  of  AI2O3  and  Ta20g  between  pH  0-14. 

Figure  11.  Pitting  potentials  for  oxide  covered  metals  vs.  the  pHpzc  of 
the  oxide. 
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AGENDA  FOR  ADVANCING  ELECTROCHEMICAL  SCIENCE  AND  TECHNOLOGY 

by 

W.  S.  Smyrl,  S.  M.  Wolf,  and  A.  H.  Landgrebe 


Authors'  note:  This  paper  is  based  on  a  study  of  the  same  title, 
and  details  of  its  findings  will  be  available  after  the  report  is 
published.  The  conclusion^  and  recommendations  in  this  paper  are 
those  previously  published. “ 

INTRODUCTION 

The  economic  cost  of  corrosion  in  the  United  States  has  been 
estimated^  to  be  about  $120  billion  (in  1982).  This  staggering  figure 
amounts  to  about  4  percent  of  the  gross  national  product,  or  more  than 
$500  per  person  annually  in  the  United  States.  The  broad  categories 
examined  are  shown  in  Table  1  along  with  the  losses  that  could  be 
avoided  by  implementation  of  known  corrosion  control  technology.  It  is 
notevjorthy  that  new  technology  will  be  reauired  to  avoid  most  of  the 
costs . 


TABLE  1.  Estimated  1982  Corrosion  Costs  for  ti  • 
United  States 


Category 

Cost 

($  billion) 

Avoidable 

Cost 

($  billion) 

Energy  industries 

67.5 

1.4 

Electric  power 

6.6 

0.2 

Material  production 

13.9 

0.4 

Government  operations 

17.8 

4.5 

Personally  owned  automobiles 

-JJL-2. 

io  Ji 

Total 

122.0 

17.0 

The  federal  government  has  made  major  commitments  to  support  certain 
aspects  of  electrochemical  science  and  engineering.  Information  on  the 
level  of  federal  support  of  basic  research  and  of  applied  research  and 
development  (i.e.,  classifications  6.1  and  6. 2/6. 3/6. 4,  respectively,  in 
Department  of  Defense  terminology)  was  obtained  from  managers  in  the 
Departments  of  Commerce,  Defense,  Energy,  Interior,  and  Transportation, 
the  National  Science  Foundation,  the  National  Aeronautics  and  Space 
Administration,  and  the  National  Institutes  of  Health.  Corrosion  was 
identified  by  most  agencies  as  part  of  their  electrochemistry  programs. 
Total  basic  and  applied  funding  for  corrosion  was  about  $9  million  and  $7 
million,  respectively. 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  study  led  to  the  conclusion  that  a  new  approach  to  corrosion 
science  and  corrosion  engineering  is  not  only  necessary  but  possible.  The 
required  capabilities  are  becoming  available  in  the  scientific  ability  to 
model  surfaces  and  interfaces,  in  the  electrochemical  and  surface  science 
techniques  for  studying  interfaces  in  situ,  in  the  computational 
facilities  for  modeling,  and  in  materials  processing  technology.  An 
approach  is  required  that  builds  on  existing  multidisciplinary 
capabilities  of  individuals  and  institutions.  Further,  this  approach  must 
provide  a  mechanism  that  integrates  multidisciplinary  activities  Into  a 
framework  that  brings  coherence  to  complex  phenomena  and  yields  a 
comprehensive  basis  for  understanding  them.  Six  central  recommendations 
were  Identified  on  theory  and  modeling,  experimental  probes,  lifetime 
prediction,  investigation  of  advanced  materials,  multidisciplinary 
efforts,  and  education. 

#  Theory  and  Modeling:  Greater  emphasis  on  modeling  and  theory  is 
recommended  for  both  elementary  corrosion  processes  and  their  interactions 
in  complex  macroscopic  systems.  Given  the  opportunities  and  need  in  the 
next  decade  for  this  field  to  adopt  advances  made  in  other  disciplines , 
the  study  concluded  that  greater  support  of  theory  and  modeling  is 
Justified  even  if  the  total  support  of  this  field  remains  constant. 

Two  complementary  areas  for  theory  and  modeling  have  been 
identified— elementary  processes  arid  macroscopic  systems.  Regarding 
elementary  processes,  new  theoretical  approaches  for  characterizing 
electrolytes  are  ir>  hand  and  are  being  applied  to  dielectric-solvent 
surfaces.  Just  emerging  are  theoretical  treatments  for  the  physics  of 
electrons  at  metal -electrolyte  interfaces.  The  incorporation  of 
understanding  from  both  these  areas  in  theories  to  describe  the  elementary 
processes  at  metal-electrolyte  interfaces  is  possible,  even  for  the 
complex  interfaces  encountered  in  corrosion  systems.  Extension  of  this 
work  to  include  interfacial  films  will  provide  a  fundamental  physical 
understanding  of  metallic  corrosion  capable  of  predicting  corrosion 
behavior  from  first  principles. 
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Descriptions  of  individual  corrosion  processes  can  be  assembled  and 
used  to  predict  materials  degradation  in  macroscopic  systems.  However, 
the  computations  required  are  usually  so  lengthy  and  complex  as  to  require 
access  to  large  scale  computational  facilities.  Expansion  of  this 
approach  to  the  analysis  and  prediction  of  corrosion  behavior  on  a  wider 
scale  requires  the  development  of  more  efficient  mathematical  techniques 
and  algorithms  and  of  methods  for  simplifying  the  calculations  without 
loss  of  significant  factors. 

•  In  Situ  and  High  Resolution  Experimental  Probes:  The  active 
support  now  given  to  the  development  of  probes  to  measure  corrosion 
processes  in  situ  and  with  the  spatial  resolution  needed  for  studying 
local  corrosion  phenomena  should  be  continued .  Of  particular  importance 
is  the  use  of  probes  where  possible  as  sensors  for  on-line  monitoring  of 
corrosion  of  components  in  technologically  important  systems. 

Over  the  past  decade,  a  revolution  has  occurred  in  the  field  of 
electrochemistry  with  the  development  of  in  situ  and  ex  situ  surface 
analysis  techniques  capable  of  resolving  important  phenomena  on  both 
microscopic  and  short  time  scales.  These  techniques  should  be  adapted  and 
utilized  to  characterize  local  physicochemical  corrosion  events  in  situ. 

In  addition,  in  situ  techniques  should  be  extended  to  provide  on-line 
monitoring  of  real-world  systems  where  reliability  often  requires 
detecting  the  onset  and  progress  of  corrosion  phenomena  (e.g.,  pit  depth 
and  crack  length)  as  a  function  of  time. 

#  Lifetime  Prediction  in  System  Applications :  Quantitative 
methodologies  for  predicting  lifetimes  should  be  developed ,  coupling 
advanced  models  with  identification  and  measurement  of  critical  parameters 
and  with  computer-based  expert  systems.  This  effort  will  necessitate 
generating  physicochemical  data  bases  to  support  systems  analysis  as  well 
as  using  advances  in  theory  and  experimental  techniques  discussed  above. 

A  major  objective  of  corrosion  science  and  engineering  is  to  permit 
selection  of  materials  giving  corrosion  resistance  compatible  with  system 
design  in  specific  service  environments.  Even  for  the  simplest  case, 
general  corrosion  of  metals,  present  lifetime  prediction  strategies  are 
qualitative  or  nonexistent  because  of  the  lack  of  (a)  realistic  models, 

(b)  understanding  of  critical  parameters,  (c)  test  data,  or  (d)  suitable 
coupling  between  the  models  and  the  experimental  results.  These  factors 
must  be  addressed  j.f  materials  are  to  be  selected  for  reliable  and 
economic  service. 

Currently  available  thermodynamic  and  kinetic  data  bases  are 
incomplete  to  support  quantitative  modeling  of  many  corrosion  systems, 
particularly  those  where  predictions  of  behavior  under  extreme  conditions 
or  over  extended  periods  of  time  o re  desired.  Because  the  unavailability 
of  data  limits  the  use  of  models,  a  critical  need  exists  to  upgrade  and 
expand  the  sources  of  information  on  the  thermodynamic  properties  of 
chemical  species,  exchange  current  densities,  activity  coefficients,  rate 
constants,  diffusion  coefficients,  and  transport  numbers,  particularly 
where  concentrated  electrolytes  under  extreme  conditions  are  involved. 

Many  of  these  data  are  obtained  in  disciplines  that  traditionally  have 
been  on  the  periphery  of  corrosion  science,  so  it  will  be  necessary  to 
encourage  interdisciplinary  collaboration  to  meet  the  need. 
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A  number  of  proprietary  expert  systems  are  being  developed  for 
corrosion  engineering,  specifically  i  r  materials  selection  in  marine 
environments,  in  pressurized  water  -.eactor  steam  generators,  and  for  high 
strength  aluminum  alloys.  The  availability  to  designers  of  computer-based 
expert  systems  for  corrosion  engineering  will  improve  the  performance  and 
reliability  of  new  structures  and  systems.  Knowledge  of  corrosion  and 
related  phenomena  for  specific  materials  under  consideration  for  use  is  an 
important  input  to  the  materials  selection  process  in  the  early  stages  of 
design,  where  problems  can  be  dealt  with  most  effectively  and  without 
compromising  design  intent.  This  knowledge  is  at  present  gained 
principally  through  practical  experience  and  so  is  held  by  "experts". 
Codifying  their  knowledge  for  wider  accessibility  and  utility  will  lead  to 
improved  corrosion  resistant  designs. 

§  Corrosion  Resistance  of  Advanced  Materials :  The  corrosion  behavior 
and  limits  of  chemical  stability  of  newly  developed  materials  should  be 
determined  as  an  integral  part  of  materials  development  in  order  to 
indicate  where  more  detailed  modeling  and  experimental  efforts  are 
warranted . 

New  engineering  materials,  evolved  through  chemical  synthesis  or 
advances  in  processing,  require  study  to  determine  the  limits  of  their 
corrosion  resistance  in  service  environments.  Baseline  investigations  on 
advanced  materials  are  a  prerequisite  if  their  corrosion  properties  are  to 
be  characterized  sufficiently  to  allow  them  to  be  introduced  reliably  into 
engineering  systems.  For  example,  some  metallic  glasses  appear  to  be 
remarkably  inert  and  have  commercial  appeal.  In  contrast,  metal-matrix 
composites  are  being  pursued  for  structural  applications  but  in  many  cases 
appear  to  lack  corrosion  resistance.  The  use  of  ceramics  in 
electrochemical  systems  as  separators,  electrodes,  electrolytes,  and 
containment  vessels  emphasizes  the  importance  of  understanding  and 
enhancing  reliability  while  maintaining  attractive  chemical,  electrical, 
and  other  properties  in  new  service  environments. 

§  Multidisciplinary  Activities  and  Education  in  Corrosion  Science  and 
Engineering:  Industry ,  government ,  and  academia  should  foster 

multidisciplinary  research  approaches .  These  will  draw  upon  advances  made 
in  related  fields  of  physics,  mathematics ,  and  electrochemistry ,  among 
others,  and  must  build  on  the  strengths  of  individual  participants  and 
facilities  in  these  several  fields. 

Advances  in  the  stabilization  of  interfaces  will  benefit  from  enhanced 
multidisciplinary  approaches  in  education,  in  research,  and  in 
application.  Because  corrosion  science  incorporates  elements  of  physics, 
chemistry,  electrochemistry,  materials  science,  mathematics,  and 
engineering,  it  is  essential  that  scientists  and  engineers  skilled  in 
these  disciplines  be  encouraged  to  contribute  to  this  field,  i.e.,  to  its 
concepts  and  theories,  predictive  methods,  and  experimental  techniques. 

The  panel  concluded  that  industry  and  government  should  provide  this 
encouragement  by  expanding  support  of  collaborative  efforts ,  The  panel 
further  concluded  that  an  essential  part  of  the  development  of  this  field 
will  be  improved  undergraduate  and  graduate  education  in  this  field  in 
universities;  this  is  needed  to  provide  trained  engineers  and  scientists 
capable  of  contributing  to  advances  called  for  in  efforts  recommended  in 
this  report, 


#  Instruction  in  Corrosion  Practice :  Improved  education  must  be 
provided  on  a  continuing  basis  to  engineers  responsible  for  materials 
selection . 


A  broader  knowledge  of  corrosion  on  the  part  of  the  users  of  materials 
in  design  will  result  in  major  reductions  in  the  corrosion-  related  costs 
of  maintenance,  repair,  and  replacement.  The  correct  selection  and  usage 
of  materials  to  withstand  the  corrosive  environ-  mental  influences  that 
cause  degradation  and  failure  must  be  based  on  an  appreciation  of  these 
influences  and  the  ways  in  which  they  can  affect  materials  and 
structures.  Such  knowledge  can  be  supplied  by  utilizing  existing 
resources  for  continuing  education  and  should  be  a  part  of  the  background 
of  all  those  who  are  concerned  with  design.  However,  the  education  of 
engineers  at  the  bachelor  level,  is  deemed  inadequate  with  respect  to 
corrosion-it  will  probably  be  limited  to  a  single  course  in  a  materials 
curriculum.  Efforts  should  be  made  to  include  more  laboratory  experience 
in  corrosion  in  conjunction  with  lecture  courses  at  this  level,. 
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A8STRACT 

Physical  characteristics,  coating 
characteristics  and  performance 
characteri sties  of  three  new 
primers  useful  for  structural 
adhesive  bonding  of  aircraft  are 
discussed.  The  most  evident 
characteristic  of  these  new 
primers  is  that  they  are  primarily 
water  vehicled  primers  in  contrast 
to  today's  primers  which  are 
primarily  solvent  vehicled.  Thus, 
these  primers  meet  the  stricter 
pollution  control  regulations  now 
found  in  many  states.  Two  of 
these  primers,  XB-3982,  and 
XB-3983,  can  be  spray  applied 
using  conventional  methods  and 
provide  performance 
characteristics  equivalent  to 
today’s  solvent  vehicled  primers. 
Thus,  these  new  primers  can 
directly  replace  their  solvent 
based  analogs.  The  third  primer, 
XA-3995,  is  a  cathodic 
el ectrophoretical ly  applied 
structural  adhesive  bonding' 


primer.  This  primer  is  primarily 
water  vehicled  and  provides  good 
high  temperature  performance.  In 
addition,  the  cathodic 
electrophoretic  application  method 
allows  for  uniform,  reproducible 
application  of  thin  coatings  of 
primer  with  very  efficient 
utilization  of  material, 

1.  INTRODUCTION 

Currently  aircraft  adherends  are 
primed  with  corrosion-inhibiting 
primers  which  are  generally, 
organic  solvent  thinned,  epoxy  and 
phenolic  based,  cured  at 
121°-176°C  and  which  contain  an 
organic  insoluble,  slightly 
water-soluble  corrosion- inhibiting 
pigment  (usually  a  chromate  salt). 
The  performance  characteri sties 
that  a  structural  adhesive  bonding 
primer  must  have  are  listed  in 
Table  1.  Although  present  day 
materials  have  these  .it'.essary 
characteristics ,  they  suffer  from 
several  drawbacks: 
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-  They  are  organic  solvent  thinned 
and  do  not  comply  with  new, 
stricter  pollution  control 
regulations ; 

-  They  are  appl ied  by 

"1 ine-of-sight"  methods  and 
cannot  be  used  to  coat 
inaccessible  portions  of  complex 
parts  (e.g.  the  interior  of  a 
honeycomb  cel  1 ) ;  and 

-  Solvent-based  primers  are 
relatively  brittle  (in 
comparison  to  the  adhesive).  If 
the  primer  is  applied  too  thick, 
bond  performance  can  be 
reduced1 . 

The  new  pollution  control 
regulations  mentioned  above  shall 
limit  future  utilization  of 
organic  solvent  thinned  structural 
bonding  primers.  For  example, 
California  Rule  1124  limits  the 
amount  of  organic  solvent  that  a 
structural  adhesive  bonding  primer 
can  contain  to  375  grams/liter  of 
organic  solvent  as  applied,  less 
water.  Virtually  all  of  the 
presently  used  structural  adhesive 
bonding  primers  far  exceed  this 
organic  solvent  content.  Thus  the 
necessity  for  development  of  water 
thinned  structural  adhesive 
bonding  primers. 

This  paper  describes  the  physical 
characteri sties ,  coating 
characteristics  and  performance 
characteristics  of  3M's  new  water 
thinned  structural  adhesive 
bonding  primers  and  compares  them 
to  their  solvent  based  analogs. 


The  data  contained  herein 
demonstrate  that  water  thinned 
primers  can  perform  as  well  as 
solvent  thinned  materials  and 
still  meet  pollution  control 
regul ati ons . 

2.  Spray  Applied  Primers 

a.  Experimental 

I.  Metallic  Adherends  and 
Surface  Preparation. 

The  metals  used  in  this  study  were 
two  alloys  of  aluminum;  bare 
2024-T3  and  ba, e  7075-T6.  "Bare" 
indicates  the  absence  of  cladding. 
The  surface  preparation  was 
phosphoric  acid  anodization.  The 
phosphoric  acid  anodization 
process  that  we  used  is  shown  in 
Table  2. 

II.  Primer  Application  and  Curing 

All  of  the  primers  were  applied  by 
means  of  a  Bi^ks  Model  52  Spray 
f-un  equipped  with  a  siphon.  The 
air  cap  was  a  #66S  while  the  fluid 
tip  and  needle  were  #66.  The 
distance  from  the  panel  was  9  +_  3 
inches.  The  spray  gun  line 
pressure  for  application  of 
EC-3960,  EC-3917  and  XB-3982  was 
30  psi  but  was  50  psi  for  XB-3983. 
The  primers,  after  application 
were  air  dried  at  ambient 
temperature  for  1 /?  hour  and  then 
cured  in  a  forced  air  oven  at 
250°F  (121°C)  for  1  hour.  The 
resulting  cured  primer  thickness 
as  measured  by  a  Fbrster  Isometer 
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was  0.003  +  0.0001  cm  (0.1?  +  0.04 
mils). 

III.  Adhesive  Bonding  and 
Physical  Characterization 

The  film  adhesives  used  in  this 
work  were  AF-163-2K  ( 0. 0(3  Ih./sq. 
ft.)  and  AF-143  (0.075  and  0.04 
Ib./sq.  ft.)  all  products  of  3M. 
The  adhesives  were  cut  into  the 
appropriate  shapes  and  laid  up  by 
hand  at  ambient  laboratory 
temperature.  The  cure  schedule 
for  AF-163-2K  was  a  rise  rate  of 
4-5°F/mi n .  to  250°F  ( 121 °C>  under 
a  positive  pressure  of  35  psi. 

The  bonds  were  held  at  250°F 
(121°C)  for  one  hour.  The  cure 
schedule  for  AF-143  was  a  rise 
rate  of  4-5°F/min.  to  350°F 
(177°C)  under  a  positive  pressure 
of  45  psi.  The  bonds  were  held  at 
350°F  ( 177°C)  for  1  hour.  After 
the  bonds  were  cooled  to  room 
temperature,  they  were  sawn  into 
the  appropriate  shapes.  Ultimate 
strength  characteristics  were 
measured  on  an  Instron  Tensile 
Tester  rated  for  10,000  lbs. 
force.  The  rate  of  crosshead 
displacement  for  lap  shear  tests 
(ASTM  D1002)  was  0.1  inch/min. 
(0.25  cm/nin.)  while  the  crosshead 
displacement  rate  for  the  floating 
roller  peel  test  (ASTM  03157)  was 
6  inches/min.  (15.2  cm/min.)  for 
AF  .153-2K  while  for  AF-143  it  was 
12  inches/min.  (30.5  cm/ min.). 

For  elevated  arid 


reduced  temperatures  from  ambient, 
the  samples  were  conditioned  to 
temperature  and  tested  in  a 
Missimers  Environmental  Cabinet. 

IV.  Durability  Testing 

Durability  of  bond  made  with 

adherends  primed  with  the  primers 

discussed  above  was  estimated  by 

two  methods.  Trie  first  method  is 

o 

described  by  Pocius,  et.  al.'.  It 
involves  exposing  lap  shear 
specimens  of  a  certain  type  to  a 
high  temperature  (140°F  (60°C)), 
condensing  humidity  (05-100%  RH) 
environment  while  maintaining  a 
sustained  load  on  the  specimen. 

The  combination  of  high 
temperature,  high  humidity  and 
high  stress  is  thought  to  be  the 
most  deleterious  to  bond 

•3 

durability'.  The  stress  applied 
to  the  joints  was  either  1200  psi 
(R. 27  MPa)  or  1800  psi  (12.4  MPa). 
The  time  to  failure  was  then 
recorded , 

The  second  method  used  to  gauge 
durability  was  the  wedge  test. 

This  test  is  described  in 
Reference  4  and  is  essentially  a 
uni  form  thin  adhprend  double 
cantilever  beam  fracture  test  in 
which  the  Mode  I  load  is  applied 
by  means  of  driving  a  wedge  into 
the  end  of  a  1  ir.ch  wide  specimen. 
The  crack  opened  specimen  is  then 
placed  in  a  hiyh  humidity,  high 
temperature  chamber  ( 140°F 
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(60°C)/95-100%  RH)  and  the  growth 
of  the  crack  is  determined. 

V,  Salt  Fog  Testing 

Samples  of  surface  prepared  and 
primed  metal  were  scribed  with  an 
"X"  by  means  of  a  razor  blade  and 
were  then  placed  in  a  salt  fog 
cabinet  maintained  under  the 
conditions  specified  in  ASTM  B 1 1 7 . 

In  addition  floating  roller  peel 
specimens  were  exposed  to  the  same 
environment  to  determine  the 
extent  of  corrosion  in  the 
bondline  under  the  salt  fog 
conditions. 

VI.  Electron  Microscopy 

Samples  of  uncured,  partially 
cured  and  completely  cured  primers 
that  had  been  coated  on  aluminum 
were  examined  by  means  of  a  JEOL 
Model  840  Scanning  Electron 
Microscope  having  a  resolution  of 
lOoft.  Two  types  of  images  were 
obtained.  A  topographical  view  of 
each  surface  was  obtained  by 
secondary  electron  imaging  while 
an  elemental  contrast  image  was 
obtained  by  backsr.attered  electron 
imaging. 

b.  Results  and  Discussion 

Table  3  shows  some  important 
characteristics  of  XB-3982  and 
XB-3983.  Notable  in  these 
characteristics  is  the  low  content 
of  organic  solvents  and  the  much  346 


increased  flashpoint.  More 
important  are  the  strength 
characteristics  of  adhesive  bonds 
made  with  these  primers.  Tables  4 
and  5  show  lap  shear  performance 
comparing  XR-3982  and  XB-3983  to 
their  solvent  thinned 
counterparts,  EC-3960  and  EC-3917. 
It  is  evident  that  the  primers  all 
provide  the  same  level  of 
performance,  as  is  desired.  In 
Tables  6  &  7  the  peel  performance 
of  bonds  made  with  adherends 
primed  by  these  materials  is 
compared.  Once  again  the 
performance  of  the  water  thinned 
materials  equates  that  for  the 
solvent  thinned  materials. 

Having  demonstrated  that  physical 
performance  is  not  degraded  by  the 
use  of  a  water  thinned  primer,  it 
remains  to  he  shown  that 
resistance  of  adhesive  bonds  to 
adverse  environment  is  not 
severely  degraded  by  the  use  of  a 
water  thinned  primer.  Needless  to 
say,  the  greatest  concern  is  the 
resistance  of  a  primed  adhesive 
bond  to  moisture  and  salt  fog 
especially  in  light  of  the  fact 
that  the  primer  itself  was  applied 
from  water.  The  resistance  of 
primed  floating  roller  peel 
specimens  to  a  salt  fog 
environment  is  shown  in  Tables  8 
and  9.  Once  again,  the  water 
thinned  primers  are  compared  to 
their  solvent  thinned 
counterparts.  As  can  be  seen,  the 
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performance  of  the  bonds  is 
unaffected  by  the  type  of  primer. 
Most  importantly  when  the  bonds 
were  peeled  open,  no  corrosion  was 
found  internal  to  the  adhesive 
bond.  As  discussed  in  Table  1, 
these  primers  must  also  protect 
metal  surfaces  from  corrosion  in 
much  the  same  way  as  metals  are 
protected  by  paints.  Table  10 
gives  a  verbal  description  of  the 
corrosion  protection  provided  by 
the  various  primers  used  as 
coatings  when  exposed  to  30  days 
of  a  salt  fog  environment.  The 
thickness  of  primei'  used  in  these 
exposure  panels  was  the  same  as 
that  used  in  the  physical  property 
tests.  As  can  be  seen,  the  water 
based  coatings  provide  good 
performance  as  a  corrosion 
protective  coating.  For  EC-3960 
versus  XR-3982,  there  is  a  slight 
edge  for  the  solvent  thinned 
material.  For  the  EC-3917  versus 
XB-3983,  there  is  definitely  a 
large  improvement  when  the  water 
thinned  primer  is  used,  EC-3917 
has  been  used  successfully  for 
over  20  years  in  the  aerospace 
industry.  We  can  thus  assume  that 
the  protection  afforded  by 
XB-3983,  will  be  proportional ly 
better  than  EC-3917, 

Parc  of  tne  reason  for  the 
equivalent  or  improved  performance 
of  the  water  thinned  coatings  can 
be  provided  by  the  electron 
micrographs  shown  in  figures  1-4. 


Figures  1  and  3  were  obtained 
using  secondary  electron  imaging 
which  gives  a  topographical  view 
of  the  surface.  Figures  2  and  4 
were  obtained  using  backscattered 
electron  imaging  which  gives 
elemental  information  as  wel/l  as 
topographi cal  information.  Darker 
areas  in  Figures  2  and  4 
correspond  to  organic  media  (low 
atomic  weight)  while  the  lighter 
areas  correspond  to  inorganic 
materials  (higher  atomic  weight). 
As  can  he  seen  by  comparison  of 
the  micrographs  of  the  primer 
surfaces,  the  new  water  thinned 
primers  provide  substantially 
better  coverage  of  the  surface 
than  the  solvent  thinned 
materials.  Provision  of  a  better 
harrier  to  corrosive  media  due  to 
the  better  continuity  of  the 
coating  is  the  probable  reason  for 
the  equivalent  or  improved 
performance  of  XB-3982  and  XR-3983 
versus  EC-3960  and  EC-3S17. 

Durability  of  adhesive  bonds  made 
with  adherencls  primed  with  the 
materials  under  discussion  was 
evaluated  in  two  ways;  life  under 
sustained  load/high  humidi ty/hi gh 
temperature  and  using  the  wedge 
test.  Table  11  shows  the  wedge 
test  data  comparing  EC-3917  and 
XR-3983.  The  degree  of  crack 
extension  for  bonds  made  with  both 
metals  and  both  primers  is 
essentially  equivalent.  The 
sustained  load  durability  data 
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comparing  EC-3960  and  XB-3982  is 
shown  in  Table  12.  This  data 
demonstrates  that  under  these 
loading  conditions,  XB-3982 
provides  superior  durability  to 
the  solvent  thinned  primer.  There 
is,  however,  a  discrepancy  between 
this  data  for  EC-3960  and  earlier 
work,  i.e.,  EC-3960  has  given 
sustained  load  durability 
performance  in  excess  of  500  days 
in  earlier  tests.  This  matter  is 
presently  under  investigation  in 
our  laboratory. 

The  above  discussion  and  the  data 
presented  in  Tables  3-12  indicate 
that  the  alternative  to  structural 
adhesive  bonding  primers 
containing  large  amounts  of 
solvent  is  now  available. 

3.  Cathodic  Electrophoretically 
Deposi table  Structural  Adhesive 
Bonding  Primer  (CEDSABP) 

(XA-3995) 

a.  Introduction 

El ectrodeposi table  paints  have 
been  used  in  industry  for  over  25 
years.  The  technology  of  cathodic 
electrophoretical ly  depositable 

5 

paints  has  been  discussed'. 
"Paints"  however,  differ  from 
"structural  adhesive  bonding 
primers"  because  of  the 
differences  iri  their  function. 
After  application  a  "paint"  does 
the  following. 


-  Provides  a  decorative  coating 

-  Can  provide  corrosion  protection 
if  so  formulated;  and 

-  Provides  an  adequate  surface  for 
application  of  subsequent 
topcoats . 

These  functions  contrast  those  for 
a  structural  adhesive  bonding 
primer  (See  Table  1).  Most  paints 
cannot  conform  to  all  the 
requirements  listed  in  Table  1, 
especially  those  relating  to 
strength  and  solvent  resistance. 
There  are  examples  of  CEDSABPs  in 
the  literature6  but  these 
materials  are  useful  at 
temperatures  under  180°F  (82°C). 

A  need  existed  for  a  CEDSABP 
having  elevated  temperature 
resistance.  3M‘s  proprietary 
knowledge  of  new  high  temperature 
resin  systems  was  utilized  under 
Air  Force  Contract 
F33615-R6-R-5009  to  complete 
development  of  a  new  high 
temperature  resistant  CEDSABP, 
XA-3995. 

b.  Experimental 

I.  Metallic  Adherends  and  Surface 
Preparation 

2024-T3  bare  aluminum  alloy  was 
converted  to  T81  by  heat  soak  at 
375°F  for  12  hours.  The  2024-TH1 
alloy  was  surface  prepared  by  the 
method  of  Table  2.  Honeycomb  core 
(5062)  was  also  surface  prepared 
34  8  h.V  the  method  of  Table  2. 


II.  Primer  Application  and  Curing 

Primer  was  applied  by  means  of  an 
electrodeposition  cell  in  which 
the  cathode  was  the  surface 
prepared  2024-T81  and  the  anode 
was  stainless  steel.  Voltages 
were  applied  by  means  of  a  Kepco 
regulated  power  supply  and 
monitored  by  a  Digitec  Voltmeter. 
Various  voltages  were  used  to  coat 
the  primer  until  a  voltage  was 
found  which  gave  a  uniform,  thin 
coating  on  the  metal  work  piece. 

This  voltage  (20-30V)  was  then 
used  throughout  this  work.  The 
primer  was  then  cured  at  350°f-  fur 
2  hours. 

III.  Adhesive  Bonding  and 
Physical  Characterization 

The  film  adhesive  used  in  this 
work  was  AF-143  as  described  in 
Section  P.a.III.  above.  The 
bonding  and  testing  procedures 
were  also  described  in  Section 
2. a.  III. 

!(V.  Durability  Evaluation  -  Salt 
Fog  Testing 

Durability  tests  such  as  those 
described  for  XB-3982  arid  XB-3983 
have  not  been  completed  for 
XA-3995.  However,  exposure  of 
scribed  panel  arid  lap  shear 
specimens  to  an  ASTM  (U17  salt  fog 
cabinet  have  been  completed. 
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V.  Electron  Microscopy 

See  Section  2. a. IV. 

c.  Results  and  Discussion 

Results  of  physical  properties 
tests  for  XA-3995  are  shown  in 
Table  13.  In  l».  s  table  we 
compare  the  performance  of  XA-3995 
to  EC-3917.  The  results  indicate 
that  the  performance  of  XA-3995 
either  equates  or  exceeds  the 
performance  of  EC-3917, 

Especially  impressive  is  the 
difference  in  coating  corrosion 
resistance  in  v/hich  XA-3995 
exhibits  a  complete  barrier  to 
corrosion  after  30  days  exposure 
to  an  ASTM  BJ17  salt  fog  exposure. 
Once  again,  the  reasons  for  this 
improved  resistance  to  corrosion 
may  be  due  to  improved  coating 
quality.  Figure  5  shows  electron 
micrographs  of  the  surface  of 
XA-3995  which  can  he  compared  to 
Figures  1.  and  2  for  EC-3917. 

After  cure,  XA-3995  completely 
coats  the  mptal  creating  an 
essentially  pinhole  free  surface. 
The  reader  should  also  notp  that 
flatwise  tension  measurements  were 
made  using  XA-3995.  The  honeycomb 
core  and  face  sheets  were 
el ectrophoret i cal ly  coated  with 
XA-3995  creating  a  thin, 
continuous  organic  coating  over 
all  of  the  surfaces  of  the 
honeycomb  resulting  in  excellent 
flatwise  tension  performance.  In 
addition  to  the  noted  excellent 


performance,  XA-3995  does  not 
contain  chromates  and  therefore 
reduces  enviromental  concerns. 

4.  SUMMARY 

We  have  shown  that  three  now  water 
thinned  structural  adhesive 
bonding  primers  are  now  available 
to  the  Aerospace  industry. 

XB-3982  and  XB-3983  are  water 
thinned  primer  that  can  be  applied 
by  conventional  spray  equipment 
while  XA-3995  is  applied  by 
cathodic  electrophoretic 
deposition.  All  three  of  these 
primers  meet  or  exceed  the 
performance  of  their  solvent 
thinned  counterparts. 
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Table  1 

Performance  Characteristics  of  a  Structural  Adhesive  Bonding  Primer 

1.  Provides  protection  against  corrosion  inside  and  outside  of  the  bonded 
joint. 

2.  Provides  a  surface  to  which  the  adhesive  can  easily  bond. 

3.  Provides  protection  for  the  surface  prepared  adherends  during  handling 
before  bonding. 

4.  Exhibits  resistance  to  aircraft  fluids  such  as  jet  fuel,  hydraulic 
fluids,  solvents,  etc. 

5.  Is  capable  of  transferring  structural  load  from  the  adherend  througn 
the  surface  preparation  to  the  adhesive. 

6.  At  appropriate  thickness,  displays  no  deleterious  effects  on  the  shear 
or  peel  properties  or  the  adhesive  bond. 


Table  2 

Phosphoric  Acid  Anodization  Process 

*A1 kal i ne  Degrease 
Oakite  164  (180°F),  10  Minutes 
'Cold  Water  Dip 

*Cold  Tap  Water  Rinse,  2  Minutes 
'Optimized  FPL  Ftch  (155°F),  10  Minutes 
*DI  Water  Rinse,  2  Minutes 
'Phosphoric  Acid  Anodization 
3.1  N 

Room  Temperature 
15V  for  22,5  Minutes 
*DI  Water  Rinse,  5  Minutes 
'Air  Dry,  10  Minutes 
'Forced  Air  Dry  (155°F),  10  Minutes 

'Prime  Parts  Within  72  Hours 
351 
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Table  3 


Physical  Characteristics  of  Water  Thinned  Primers 


XB-3982 

EC-3960 

XR-3983 

EC-3917 

XA-3995 

Organic  Solvent  Content  (g/1) 

114 

771 

56 

759 

44 

Flash  Point  (°F) 

76* 

6** 

* 

LO 

Ob 

20* 

i?n* 

Viscosity  (cpse)*** 

96 

12 

68 

35 

88 

Type  of  Corrosion  Inhibiting 

Chromate 

Chromate 

Chromate 

Chromate 

Non- 

Pigment  Chromate 

*SETA  FLASH  -  Closed  Cup 
**TAG-END  Cup 

***Brookfield  LVF,  Spindle  1 

Table  4 

Lap  Shear  Performance  (psi)  Comparing  EC-3960  and  XB-3982 
Adhesive  is  AF-163-2K  (0.06  wgt.) 


Metal _ 2024-T3  __ _  7075-T6 


Product 

EC-3960 

XB -3982 

FC-3960 

XB-39R2 

Temperature  of 

Test 

-67°F  ( -55°C) 

7250  +  320 

7400  +  70 

9013  +  612 

9175  +  519 

RT  ( 25°C) 

5821  +  324 

6887  +  133 

6211  +  114 

6148  +  75 

180°F  (82°C) 

3471  +  124 

3468  +113 

34  12  +  63 

3497  +  47 

(Average  of  6  Specimens) 

Table  5 

Lap  Shear 

Performance  (psi)  Comparing  EC- 

3917  and  XB 

-3983 

Adhesive  is 

;  AF-143  (0.075  wgt.) 

Metal 

2024-T3 

7075-' 

T6 

Product 

EC-3917* 

XR-3983* 

EC-3917* 

XR-39R3** 

Temperature  of 

Test 

-67°F  ( -55°C) 

3498  +  300 

3450  _+  241 

3599  +  422 

3662  +  320 

RT  ( 25°C) 

3363  +  271 

3380  +  160 

3523  +  223 

3340  +  79 

300°F  ( 149°C) 

3461  +151 

3423  +  258 

3615  +_  291 

3340  +  79 

*  Average  of  12  specimens 

**  Average  of  6  specimens 
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Floating  Roller  Peel  Performance  ( pi w)  Comparing  EC-3960  and  XB-3982 
Adhesive  is  AF-163-2K  (0.06  wgt.) 


Metal _ 2024-T3 _ 7Q7S-T6 _ 

Product _ EC-3960  XB-3982  EC-3960  XB-3982 

Test  Temperature 

-67°F  ( -55°C)  107  123  83  73 

RT  ( 25°C)  91  90  76  74 

(Average  of  3  specimens) 

Table  7 

Room  Temperature 

Floating  Roller  Peel  Performance  (piw)  Comparing  EC-3917  and  XB-3983 

Adhesive  is  AF-143  (0.04  wgt.) 


Metal _ ___ _ __ _ 2024-T3 _ 7075-T6 

Product  EC-3917  XB-3983  EC-3917  XR-39B3 

RT  (25c'C)  6  7  4  4 


Table  8 

Room  Temperature  Floating  Roller  Peel  Performance  (piw)  as  a  Function 

of  Exposure  to  Salt  Fog 
Adhesive  is  AF-163-2K  (0.06  wgt.) 


Metal _ 

Product _ 

Days  in  Salt  Fog 
Peel  Strength 
%  Corrosion 


_2n24-T3 _ 

EC-3960  _ XB-3982 

30  60  90  30  60  90 

92  92  84  92  86  96 

0  0  0  0  0  0 


7075-T6 

FC-3960  XB-3982 

30  60  90  30  60  90 

74*  81*  81  68  71  66 

0  0  0  0  0  0 


Each  peel  strength  is  the  average  of  three  values  except  tnose  marked  with 
an  *  which  are  an  average  of  two  specimens. 


Table  9 

Room  Temperature  Floating  Roller  Peel  Performance  (piw)  as  a  Function 

of  Exposure  to  Salt  Fog 
Adhesive  is  AF -143  (0.04  wgt.) 

Metal _ _ _ 2024-f3 _ 7075-Tfi _ 

Product _ FC-3917  XB-3983  EC-3917  X8-3983 

Days  in  Salt  Fog  30  60  90  30  60  90  30  60  90  30  60  90 

Peel  Strength  13*  14*  14*  12  18  19  10*  10*  10*  9  14  14 

%  Corrosion  000  000  000000 

Each  peel  strength  is  the  average  of  three  values  except  those  marked  with 
an  *  which  are  an  average  of  5  specimens. 


Table  10 

Description  of  Corrosion  on  Cross-Hatch  "Facial"  Panels  Comparing 
Water  &  Solvent  Thinned  Primers  After  30  nays  Salt  Fog  Exposure 


Metal 

2024 

-T3 

7076- 

-T6 

Product 

EC-3960 

XB-398? 

EC-3960 

XB-3982 

No  Corrosion 

Stain  At  Top 

No  Corrosion 

Med.  Dark 

Stain  At  Top 

No  Corrosion 

No  Corrosion 

Slight  Stain 

At  Top 

Product 

„  EC-3917 

XB-3983 

EC-3917 

XR-3983 

A1 1  Corroded 

Dark  Color 

No  Corrosion 

Stain  At  Top 

All  Corroded 

Dark  Colored 

No  Corrosion 

Stain  At  Top 

Table  11. 

Wedge  Test  Crack  Extensions  (Inches)  Comparing  EC-3917  and  XB-3983 
Adhesive  is  AF-143  (0.076  wgt.) 


Metal 

Product _ 

Crack  Extension 


_  2024- T3_ _  7075-T6 

EC-3917 _ XB-3983  EC-3917 _ XB-3983 

0.07  +  0.06  0.07  +  0,04  0.08  +  0.03  0,04  +  0.04 
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Table  12 

Sustained  Load  Durability  (Days  to  Failure) 
Comparing  EC-3960  and  XR-398? 

(Metal  is  2024-T3  Clad  Aluminum) 

Adhesive  is  AF  163-2K  (0.06  wgt.) 

Sustained  Load  is  1800  psi  0  140°F  (60°C)/100%  RH 

Product  Days  to  Fai 1 ure 

EC-3960  90,  414 

XR-3982  362,  564,  572 


Table  13 

Performance  Characteristics  Comparing  EC-3917  and  X A- 3995 

Adhesive  is  AF-143 

Metal  is  H-^PO^  Anodized  2024-T81  Rare  Aluminum 


Performance  Parameter 

-67  Lap  Shear  (psi) 

75°F  Lap  Shear  ( psi ) 

325°F  Lap  Shear  (psi) 

350°F  Lap  Shear  ( psi ) 

325°F  Lap  Shear  (psi) 

After  Exposure  to  200  Hrs.  at  350°F 
75°F  Lap  Shear  (psi ) 

After  exposure  to  30  Days  Salt  Fog 
75°F  Floating  Roller  Peel  (piw) 

75°F  Flatwise  Tension  (psi) 

325°F  Flatwise  Tension  (psi) 
"Facial"  Cross-Hatch  Corrosion 
Test-30  Days  Salt  Fog  Exposure 

*No  bondline  corrosion  noted. 


EC-3917 

XA-3995 

3401 

4140 

3501 

3627 

327? 

3363 

3  IRQ 

3090 

3480 

3606 

3938* 

4760* 

4 

5,8 

719 

795 

394 

449 

Oeneral  Corrosion 

Mo  Corro 

Over  60%  of  Panel 


037:47 
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ABSTRACT 


This  is  a  progress  report  for  an  Air  Force  program  to  optimize  aircraft 
maintenance  scheduling  through  the  use  of  a  predictive  corrosion  model 
which  is  based  on  the  kinetics  of  corrosion  reactions,  the  degradation 
rates  of  protective  systems  and  the  environmental  conditions  at  Air  Force 
bases. 


A  VAX- 11  FORTRAN  computer  program  has  been  developed  which  enables  the 
analysis  of  specific  points  on  the  C-5  aircraft  and,  utilizing 
environmental  factors  and  the  time  periods  an  aircraft  has  been  at  various 
Air  Force  bases,  gives  recommended  times  for  inspection  and  maintenance. 
The  computer  program  includes  a  crack  growth  module  which  calculates  the 
remaining  flight  hours  until  theoretical  cracks  grow  to  half  their 
critical  length,  a  corrosion  module  which  computes  the  time  for  exposed 
aircraft  alloys  to  corrode  to  a  depth  of  3  mils,  and  a  coating  degradation 
module  which  determines  the  optimum  time  until  the  next  paint  renewal  or 
complete  repaint  operation. 


The  predictive  corrosion  model,  when  completed,  will  be  used  to  optimize 
field  and  depot  level  maintenance  for  aircraft  now  in  operation, 
inspection  and  maintenance  schedules  for  new  aircraft,  and  selection  of 
aircraft  for  Analytical  Condition  Inspection. 


3  (■  0 


1 . 0  INTRODUCTION 


At  the  present  time,  inspection  and  maintenance  operations  are  based  on 
calendar  time  or  flying  hour  intervals  dictated  by  potential  fatigue 
damage  to  structure  or  wear  of  engine  parts.  Any  corrosion  damage 
detected  during  these  inspections  is  repaired.  This  maintenance 
scheduling  procedure  does  not  take  into  consideration  the  wide  variation 
of  environmental  conditions  at  Air  Force  bases.  An  aircraft  which 
operates  in  a  dry  environment  requires  less  frequent  inspections  and  fewer 
maintenance  manhours  than  one  which  flys  from  island  to  island  in  the 
South  Pacific. 


Fatigae  cracking,  general  corrosion  and  degradation  of  protective  coating 
systems  are  strongly  influenced  by  moisture,  salt  water,  ultraviolet 
radiation  and  atmospheric  contaminants  such  as  sulfur  dioxide,  ozone  and 
oxides  of  nitrogen.  The  aluminum,  steel  and  magnesium  alloys  used  in 
aircraft  construction  are  affected  in  varying  degrees.  The  key  to  this 
predictive  corrosion  modeling  program  is  relating  the  kinetics  of 
corrosion  of  aircraft  alloys  and  the  degradation  of  aircraft  coating 
systems  to  the  environments  in  which  aircraft  operate. 


Dr.  Summitt  of  Michigan  State  University^ ^  has  developed  a  system  for 
rating  the  corrosivity  of  Air  Force  bases.  Another  development  of  the 
past  few  years  is  an  improved  understanding  of  the  mechanisms  of  corrosion 
of  aircraft  alloys.  There  is  also  a  greater  knowledge  of  the  factors 
which  cause  the  de  terioratiOn  of  paint  System:,.  In  this  piugLmu  union  of 
this  knowledge  has  been  integrated  into  a  predictive  corrosion  computer 
model  which  will  enable  accurate  forecasts  of  corrosion  problems  on 
aircraft  operating  in  any  specific  type  of  environment. 
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The  initial  computer  program  was  designed  for  the  C-5A  aircraft.  However, 
with  only  slight  modification,  it  may  be  used  for  any  aircraft  that  has  a 
crack  monitoring  program.  The  C-141,  C-130  and  B-52  aircraft  fleets  have 
such  programs . 


2 . 0  OBJECTIVE  AND  SCOPE 


2.1  Objective 

The  objective  is  to  develop  a  corrosion  prediction  model  which  can  be  used 
to  optimize: 

1.  Field  and  depot  level  inspection  programs  for  existing  aircraft 
weapons  systems . 

2.  Analytical  Condition  Inspection  (ACI)  selection  and  scheduling. 

3.  Inspection  programs  for  new  aircraft  systems  entering  the  Air  Force 
inventory. 

2.2  Scope 

This  program  to  incorporate  corrosion  rate  data  and  prediction  technology 
into  inspection  and  maintenance  scheduling  consists  of  the  following 
tasks: 

Task  I  -  Review  and  evaluate  current  Air  Force  maintenance  programs 
and  recent  work  on  aircraft  corrosion  mechanisms  and  fracture 
mechanics. 


Task  II  -  Develop  corrosion  rate  equations  for  aircraft  corrosion 
processes  and  degradation  rate  equations  for  aircraft  coating  systems 
and  incorporate  them  into  a  corrosion  prediction  model. 

Task  III  -  Convert  the  equations  and  models  developed  in  Task  IT  into 
a  VAX-11  FORTRAN  program  to  establish  (1)  Analytical  Condition 
Inspection  selection  and  scheduling,  (2)  inspection  programs  for  new 
aircraft,  and  (3)  field  and  depot  level  inspection  programs  for 
aircraft  already  in  operation. 


Task  IV  -  Validate  the  computerized  corrosion  forecasting  models  and 
maintenance  scheduling  decision  logic  by  comparing  the  predictions  of 
the  model  with  actual  corrosion  histories  of  the  C-5A  and/or  C-141 
fleets . 

Task  V  -  Evaluate  the  efficiency  of  a  new  maintenance  scheduling 
decision  logic  which  integrates  the  corrosion  forecasting  models  with 
Reliability  Centered  Maintenance's  (RCM)  Failure  Mode  Effects  and 
Criticality  Analysis  (FMECA)  and  analytical  models  developed  for  the 
Aircraft  Structural  Integrity  Program  (ASIP). 


3 . 0  PROGRAM  PLAN 


Figure  1 


is  a  program  road  map  which  shows 


the  plan  for  the  entire 


program. 


LITERATURE  SURVEY 

AF  MAINTENANCE  PROBLEMS 
CORROSION  KINETICS  DATA 
FRACTURE  EQUATIONS 

TRIPS  TO  AF  BASES 

CORROSION  TRACKING  METHODS 
MAINTENANCE  PROCEDURES 

- 1 

■ 

recommendations  for 

CORROSION  PREDICT IVE 
MODEL 


l  ■-  . . 

_ _ _  _ ‘ 

REPORT 

DEVELOP  CORRC 
EQUATIONS 

. " 

ISION  KINFilCS 

— 

DEVELOP  CORROSION  ACCELERATED 
FATIGUE  CRACKING  EQUATIONS 


DEVELOP  FORECASTING  MODEL  FOR 
CUMULATIVE  CORROSION/FATIGUE 
DAMAGE  PROCESSES 


J 


1 

L 

DEVELOP  CORROSION  MAINTENANCE  1 
SCHEDULING  DECISION  LOGIC  | 

J 

REPORT 

WRITE  VAX- II  COMPUTER  PROGRAM 
IN  FORTRAN  AND  CHECK  PROGRAM 
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_ f  REPORT _ 

VALIDATE  PROGRAM  VS  C-MI  AND 
C-5  MAINTENANCE  DATA 


REPORT 


ASSESS  VALIDITY  Ol  LOGIC  WHICH 
INTEGRATES  CORROSION  FORECASTING 
MODEL  WITH  FMECA  &  ASIP  MODELS 


FINAL  REPORT 


Figure  3..  Program  Road  Map. 


4 ■ 0  TECHNICAL  PROGRESS 

In  Task  III  the  corrosion  rate  equations  and  Air  Force  maintenance 
scheduling  information  obtained  in  Tasks  I  and  II  were  integrated  into  a 
FORTRAN  computer  program  which  is  compatible  with  existing  Air  Force 
structural  analysis  programs. 

The  logic  involved  and  the  procedures  which  were  used  are  described  in  the 
following  sections: 

4.1  Corrosion  Rate  Equations 

The  computer  program  is  based  on  the  following  types  of  corrosion  and 
coating  failure: 

1.  Corrosion  Fatigue 

2.  Stress  Corrosion  Cracking 

3.  General  Corrosion  (including  exfoliation  and  pitting) 

4.  Coating  Degradation 

After  completing  the  comprehensive  literature  survey  and  reviewing  scores 
of  papers  relating  to  fracture  mechanics  and  corrosion  rates  of  aircraft 
alloys  in  various  environments,  the  equations  in  the  following  sections 
were  selected  for  use  in  the  predictive  corrosion  modeling  program. 

4.1.1.  Corrosion  Fat igue 

The  C-5  crack  tracking  program  is  bused  on  the  Forman^)  equation  which 
takes  into  consideration  the  load  ratio,  R  (minimum  stress/maximum 
stress).  The  relationship  is  expressed  as: 

da/dN  =  _ C( delta  K) _ 

( l.-R)Kc  -  delta  K 


where 

delta  K  =  difference  between  the  maximum  and  minimum  values  of  K 
Kc  —  the  critical  stress  intensity  factor  for  fracture 
C  =  material  constant 

This  equation  by  itself  is  not  adequate  for  the  full  range  of  da/d.N  data. 
The  C-5  Ciack  Monitoring  Program  utilizes  the  Foijnan  equation  and 
parametric  data  to  correct  for  variations  in  load  ratios.  As  used  in  the 
C-5  Crack  Monitoring  Program,  the  constants  in  the  Forman  equation  are 
based  on  experimental  da/dN  vs.  delta  K  data  obtained  under  conditions  of 
100%  relative  humidity. 

For  use  in  the  predictive  corrosion  modeling  computer  program,  the  Forman 
equation  was  modified  to  include  a  Corrosivity  Factor  (CF). 

da/dN  •“  _ C  (delta  K) _ x  CF 

(l-H)K  -  delta  K 


where 


CF  =  da/dN  (in  actual  environment 

da/dN  (obtained  at:  100%  humidity) 

The  Corrosivity  Factors  were  determined  by  plotting  da/dN  data  vs  delta  K 
for  specific  aircraft  alloys  in  dry  air,  distilled  water,  and  in  3.5%  NaCl 
solution  on  the  same  plot  as  illustrated  in  Figure  2.  Then,  assuming  an 
average  delta  K  value  of  10  ksi  ^n.  ("he  average  stress  intensity 
encountered  in  a.  normal,  aircraft  mission),  the  values  of  da/dN  for  each 
environment  were  read  off  and  converted  to  Corrosivity  Factors  using  the 
above  formula.  Since  3.5%  NaCl  is  a  more  corrosive  environment  than  100% 
moisture,  the  factor  for  a  salt/air  environment  would  be  greater  than  1. 
Conversely,  for  a  dry  environment,  the  factor  is  less  than  one. 

Based  on  the  Dr.  Summitt. 's(l)  data  for  Air  Force  Bases,  each  base  was 
assigned  a  set  of  Corrosivity  Factors  corresponding  to  its  environmental 
conditions . 
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da/dN  [INCHES/CYCLE) 


7075-T651  A1  :  3.00"  PLATE 
R:  0.016  f:  0.10  -  10.00  HZ 


IE-03 


IE-04 


IE-05 


IE-06 


IE-07 


IE-08  L 


_ i _ i _ i _ i _ i _ i _ i _ i _ _  ...-i _ i 

3  10  30 

DELTA  K  (KSI-IN . 1 /Z) 


Figure  2.  Crack  Growth  Plots  for  7075-651  Aluminum. 
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Corrosivity  Factors  were  calculated  for  7075-T651,  7075-T73  and  7175-R73 
aluminum,  and  for  4340  and  300M  steel.  The  fatigue  cracking  data  used  to 
develop  the  Corrosivity  Factors  were  obtained  from  the  USAF  Damage 
Tolerant  Design  Handbook^). 

4.1.2  Stress  Corrosion  Cracking 

F  single  equation  was  found  which  defines  the  diverse  assortment  of  da/dt 
vs.  delta  K.  curves  for  aluminum  and  steel  alloys  in  various  environments. 
The  plots  vary  for  each  alloy  and  for  the  same  alloy  in  various 
environments.  Fortunately,  the  design  handbook  contains  data  for  the  more 
common  aircraft  alloys  in  dry,  moist  and  salt  water  environments.  In  the 
predictive  corrosion  modeling  computer  program  the  theoretical  stress 
intensity  at  each  crack  tip  will  be  calculated.  Whenever  KIscc  is 
exceeded,  the  ground  time  and  the  crack  growth  data  from  Reference  3  will 
be  used  to  calculate  the  amount  of  stress  corrosion  cracking  occurring 
during  any  given  period  of  operation. 

4.1.3  General  Corrosion 


Damage  functions  for  metals  in  contaminated  environments  follow  the 
general  model 


M  =  AT® 


where  M  is  metal  loss  by  corrosion  (either  penetration  depth  or  weight 
loss),  T  is  exposure  time,  and  A  and  B  are  empirical  constants  determined 
by  the  environmental  conditions,  the  metal  involved  and  the  type  of 
corrosion  product  on  the  metal.  The  exponent  B  theoretically  takes  on  the 
value  of  approximately  1/2  when  corrosion  is  limited  by  the  diffusion  rate 
of  the  reactive  species  through  a  semi-permeable  film  of  reaction 
products.  This  would  be  the  case  for  most  aluminum  alloys.  When  the 
corrosion  products  are  flocculant  or  soluble  and  offer  no  protection,  as 
is  generally  true  for  steel,  linear  corrosion  kinetics  are  observed  and  B 
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The  Task  I  literature  search  revealed  only  scattered  data  for  the 
corrosion  of  aircraft  alloys  in  the  range  of  environments  encountered  by 
aircraft  -  mild,  industrial,  humid,  and  marine.  It  was,  therefore, 
necessary  to  conduct  corrosion  tes.ts  with  some  of  the  more  widely  used 
alloys  in  solutions  with  compositions  simulating  those  of  condensate  and 
rainfall  encountered  by  aircraft  under  service  conditions. 

In  Task  II,  potentiostatic  polarization  tests  were  conducted  with  7G75-T5 
and  7075-T73  aluminum  and  with  4340  and  300M  steel  in  nitric  and  sulfurous 
acid  solutions  in  the  pH  range  of  4.0  to  6.0  and  also  in  acid  solutions 
containing  3  1/2%  NaCl.  Using  linear  regression  mathematical  techniques, 
these  test  results  and  the  data  obtained  from  the  literature  search  were 
used  to  determine  the  constants  A  and  B  for  the  equations  which  represent 
the  corrosion  rates  of  specific  alloys  in  various  environments.  The 
constants  which  were  developed  for  the  major  aircraft  alloys  in  mild, 
moderate,  severe  and  very  severe  environments  are  summarized  in  Figures  3a 
and  3b. 


The  corrosion  cate  equations,  with  the  appropriate  constants,  are  being 
used  in  the  predictive  corrosion  computer  program.  When  a  specific  Air 
Force  Base  is  called  out,  tho  program  automatically  uses  the.  equation 
which  corresponds  to  the  environmental  conditions  at  that  base. 

4.2  Coating  Degradation 

The  external  surfaces  of  most  Air  Force  planes  are  completely  painted. 
Except  in  the  case  of  mechanical  damage,  the  time  required  for  fuselage 
and  wing  structure  to  corrode  is  the  coating  degradation  time  plus  the 
corrosion  time. 

Again,  the  literature  search  did  not  disclose  data  for  the  deterioration 
of  Air  Force  coating  systems  in  all  the  types  of  environments  which  are 
being  considered  in  this  program.  The  best  analysis  of  the  complex 
factors  involved  is  in  Dr.  Summit.! 1 s  report. (l)  His  basic  coating 
degradation  algorithm  is  shown  in  Figure  4.  The  environmental  factors 
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Environmental  Constants 
for  Corrosion  Equations 


Alloy 

Corrosion  Index 

Mild 

Moderate 

Severe 

Very  Severe 

A 

B 

A 

B 

A 

B 

A 

B 

7075-T6  Al 

3.0E-5 

.46 

2.95E-5 

.59 

2.9E-5 

.72 

1.78E-3 

.12 

2024-T3 

(CUU>) 

3.6E-6  i 

.70 

4.9E-6 

.77 

6.3E-6 

.85 

1.48E-5 

.70 

7079-T6 

1.9E-6 

.89 

2.05E-6 

.94 

2.2E-6 

1.00 

5.4E-9 

2.00 

7075-T73 

3.0E-5 

.46 

3.6E-5 

.50 

9.0E-4 

.50 

9.3E-4 

.50 

Figure  3a. 


Environmental  Constants 
for  Corrosion  Equations  (Cont’d) 


which  cause  the  breakdown  of  coating  systems  are  ultraviolet  radiation, 
ozone,  and  sulfur  dioxide.  By  establishing  threshold  values  for  the 
intensity  of  ultraviolet,  and  concentrations  of  ozone  and  sulfur  dioxide, 
this  algorithm  enables  bases  to  be  rated  for  their  effect  on  paint 
systems.  An  "A"  rating  represents  high  values  of  UV  and  atmospheric 
contaminants,  a  ''B,!  rating  intermediate  values,  and  a  "C"  rating  ]ow 
values . 

This  algor Ithm  provides  a  good  basis  for  determining  coating  degradation 
rates  and  was  modified  to  reflect  Lockheed  experience  with  the  service 
life  of  various  coating  systems.  In  the  predictive  corrosion  modeling 
project,  the  time  to  initial  breakdown  of  the  coating  system  is  more 
important  than  time  to  repaint  because  he  time  a  paint,  system  has 
degraded  to  the  point  where  repainting  is  desirable,  an  extensive  amount 
cf  corrosion  damage  may  have  occurred. 

It  is  recommended  that  a  new  category  of  paint  maintenance  called  "Paint 
Renewal"  be  introduced.  This  would  be  a  touchup  and  repainting  of  only 
worn  or  damaged  areas.  For  the  paint  renewal  maintenance.  A,  B,  and  C  in 
the  algorithm  will  represent  12,  24  and  36  months.  At  every  fourth  paint 
renewal  interval  the.  aircraft  should  be  completely  stripped  and  repainted. 

4.3  Predictive  Corrosion  Modeling  Computer  Program 

4.3.1  Summary  of  Logic 

The  objective  of  the  computer  program  is  to  provide  a  fully  integrated 
method  of  predicting  crack  growth,  corrosion  damage,  or  coating 
degradation  rates  for  05  aircraft  in  a  variety  of  environments.  The 
program  is  designed  so  it  may  be  integrated  with  the  current  structural 
integrity  and  tracking  programs  with  a  minimum  of  manhours  and  expense. 

The  flow  diagrams  for  the  VAX- 11  FORTRAN  computer  program  are  illusi.  aLed 
in  Figures  5  and  6.  The  program  is  designed  to  (a)  calculate  the  amount 
or  degree  of  corrosion  or  coating  degradation  which  occurs  on  05  aircraft 
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Fignre  5.  Flow  Diagram  for  FORTRAN  Computer  Program. 
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operating  in  a  variety  of  environments ,  (b)  convert  the.  data  obtained  into 
optimum  time  to  next  inspection,  and  (c)  select  specific  scheduled 
maintenance  times  for  doing  the  corrosion  repair  or  paint  renewal. 

In  its  present  form,  the  program  is  to  be  used  in  conjunction  with  the  05 
and  0141  crack  monitoring  programs  and  the  05  and  0141  usage  tapes 
which,  for  each  aircraft,  give  a  historical  record  of  the  bases  of 
operation,  the  flight  dates,  flight  durations,  and  the  total  mission 
hours . 

Common  inputs  to  the  program  are  in  the  type  of  aircraft  (05  or  0141), 
the  tail  number,  the  point  on  the  aircraft  which  is  being  analyzed  for 
corrosion  or  coating  degradation,  and  the  fleet  maintenance  schedule. 

Other  inputs  required  are  the  aircraft  usage  history  from  the  usage  tapes 
and  information  relating  to  protective  coating  system,  the  alloy  involved, 
and  the  crack  lengths  predicted  by  the  05  or  0141  crack  programs. 

The  computer  program  contains  modules  for  predicting  fatigue  and  stress 
corrosicn  crack  growth,  for  calculating  the  depth  of  corrosion  of  exposed 
metal,  and  for  determining  the  degree  of  degradation  of  paint  systems. 

4.3.2  Crack  Growth  Prediction  Module 

Crack  growth  due  to  fatigue  corrosion  in  flight  and  stress  corrosion 
during  ground  standing  are  estimated  in  separate  submodules.  The  module 
is  not  "stand  alone"  in  that  it  relies  on  input  from  the  C-5  or  C-141 
crack  growth  prediction  programs,  which  calculate  crack  growth  of  an 
assumed  inherent  flaw  due  to  fatigue  corrosion  for  several  specific 
analysis  locations  on  a  flight-by-flight  basis.  The  crack  growth 
prediction  module  adjusts  that  crack  growth  according  to  the  environments 
at  the  Air  Force  bases  from  which  the  aircraft  departs. 
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Inputs  to  the  crack  growth  prediction  module  include  the  initial  crack 
length,  the  bases  transiented  by  the  aircraft,  and  the  number  of  flights, 
duration  of  each  flight,  100%  humidity  crack  growth  prediction  for  each 
flight,  and  ground  time  between  each  flight  for  each  base.  Additional 
inputs  include  the  crack  location  and  the  type  of  material. 

Continental  United  States  Air  Force  bases,  including  those  in  Alaska  and 
Hawaii,  have  been  classified  into  four  corrosivity  groups  depending 
primarily  on  average  humidity  and  salt  water  concentration.  The  C-5  and 
C-141  Crack  Growth  Prediction  Programs  estimate  crack  lengths  based  on 
90-100%  relative  humidity  conditions.  The  fatigue  corrosion  predict. ion 
submodule  of  the  corrosion  prediction  program  applies  a  correction  factor 
to  that  crack  growth  prediction  and  adds  the  adjusted  crack  growth  to  the 
original  crack  length.  In  addition,  the  stress  corrosion  prediction 
submodule  calculates  any  stress  corrosion  cracking  that  may  occur  during 
ground  standing  between  flights  and  adds  that  value  to  the  post-flight 
crack  length  before  the  next  flight. 

4.3.3  Corrosion  Prediction  Module 

The  corrosion  module  contains  data  on  the  corrosion  races  of  aircraft 
alloys  in  the  environment?  which  exist  at  Air  Force  bases.  These  rates 
were  determined  from  the  equations  disclc sad  by  literature  search  and  from 
corrosion  tests  with  aircraft  alloys  in  simulated  and  actual 
environments.  Once  the  specific  alloy  and  the  bases  of  operation  of  the 
aircraft  are  specified,  the  module  automatically  selects  the  proper 
equations.  The  corrosion  module  predicts  the  time  required  for  aircraft 
alloys  to  corrode  to  a  depth  of  3  mils  (.0762  mm)  in  various  Air  Force 
base  environments. 

The  corrosion  rate  equations  which  are  being  used  in  the  program  are  those 
discussed  in  Section  4.1.  These  have  been  selected  from  the  literature 
search  or  developed  from  experimental  data. 


From  the  Corrosivity  Index  ratings  of  the  Air  Force  bases,  actual 
corrosion  data  obtained  by  exposing  aircraft  alloys  at  selected  bases,  and 
the  results  of  the  potentiostatic  polarization  tests,  the  corrosion  rate 
for  specific  alloys  at  any  of  the  Air  Force  bases  can  be  calculated.  In 
the  computer  program,  each  base  is  assigned  a  corrosion  rate  for  each 
alloy.  When  a  point  on  an  aircraft  is  being  analyzed  the  proper  amount  of 
corrosion  damage  is  automatical l.y  allocated  for  the  time  at  each  base. 

4.3.4  Coating  Degradation  Modulo 

Primary  inputs  to  the  coating  degradation  prediction  module  include  the 
specific  coating  system  and  the  approximate  coating  life  remaining  in  a 
moderately  severe  environment  a!,  the  start  of  the  simulation,  the  Air 
Force  bases  at  which  the  aircraft  has  been  stationed,  and  the  time  spent 
at  each  base.  The  program  estimates  the  coating  life  "used"  at  each  base. 
This  estimate  is  calculated  at  each  base,  and  is  subtracted  from  the 
coating  life  remaining  to  result  in  the  recommended  time  to  the  next 
Intensive  Paint  Renewal  (through  cleaning  and  touchup  of  degraded  areas). 
The  approximate  time  remaining  before  the  next  complete  repaint  is  also 
calculated  by  assuming  that  a  complete  repaint  shall  be  required  every 
lour  Intensive  Paint  Renewals. 

4.3.!)  Crack  Monitoring  Points 

The  C-5  crack  monitoring  program  now  in  use  at  Oklahoma  City  AF3  tracks  46 
theoretical  cracks.  Figure  7  shows  the  location  of  points  on  the  wing, 
fuselage  and  tail  assembly  which  have  high  stresses.  A  structural 
analysis  tor  each  of  these  point. s  has  been  made  and  is  available  for  use 
in  this  program  Seven  of  these  points  have  been  selected  for  use  in  the 
initial  predictive  corrosion  modeling  computer  program. 

The  selected  points  are: 

1.  6290SS1  Spanwise  Splice  -  Lov/er  Wing  Surface 

2.  4250S51  Spanwise  Splice  -  Lov/er  Wing  Surface 
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WING  lower  surface 


WING  UPPER  SURFACE 


HORIZONTAL 

STABILIZER 

UPPER  SURFACE 


8520SS1 


Figure  7.  Location  of  Crack  Monitoring  Pointy 
on  C-5A  Aircraft 


3. 

5250SS1 

Spanwise 

Splice 

~  Upper  Wing  Surface 

4. 

3250SS1 

Spanwise 

Splice 

-  Upper  Wing  Surface 

5. 

761Q5K2 

Skin 

-  Upper  Fuselage 

6. 

8180PS1 

Panel  Splice 

-  Vertical  Stabilizer 

7. 

8520SS1 

Spanwise 

Splice 

-  Horizontal  Stabilizer,  Upper  Surface 

After  the  program  nas  been  validated  by  comparing  predicted  crack  lengths 
with  actual  cracks,  it  will  be  used  to  track  any  of  the  46  theoretical 
cracks  now  being  monitored. 

The  computer  program  was  designed  so,  with  only  minor  modification,  it  can 
be  used  for  any  aircraft  which  already  has  a  crack  monitoring  program. 
The  C-141,  C-130,  and  B-52  fleets  have  such  programs. 

4.3.6  Co  erosion  Maintenance  Scheduling  Module 

The  outputs  of  the  corrosion,  coating  degradation,  and  crack  growth 
prediction  modules  will  be  input  to  a  corrosion  maintenance  scheduling 
module  which  will  compare  the  upcoming  maintenance  schedule  with  the 
aircraft  corrosion  condition.  The  module  will  determine  the  best  time  to 
perform  corrosion  control  maintenance  items  based  on  the  aircraft 
condition  and  the  capabilities  of  scheduled  maintenance  actions. 

4.3.7  FORTRAN  Program 

The  data  and  logic  developed  to  data  have  been  integrated  into  a  FORTRAN 
computer  program  which  contains  essential  portions  of  the  final  program. 
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5.0  DISCUSSION 


The  Predictive  Corrosion  Modeling  Program  is  designed  to  give  optimum 
inspection  and  maintenance  scheduling  for  the  major  types  of  crack  growth, 
corrosion  damage,  and  coating  degradation  problems  which  may  occur  on  05 
aircraft.  Specific  aircraft  can  be  quickly  checked  for  potential  crack 
growth  in  critical  areas,  for  probable  corrosion  damage  to  exposed 
structural  alloys,  or  for  the  condition  of  the  aircraft  coating  system- 

Even  new  aircraft  will  have  areas  where  the  protective  system  has  been 
mechanically  abraded  and  bare  metal  is  exposed.  It  is,  therefore, 
necessary  to  assume  the  existance  of  some  bare  metal  and  to  examine  the 
corrosion  prone  areas  at  each  recommended  inspection  interval. 


Task  IV,  the  next  task  in  completing  the  project  is  to  validate  the 
computer  model  by  comparing  the  predictions  with  actual  corrosion 
histories  of  C-5A  aircraft.  The  general  corrosion  and  coating  degradation 
predictions  will  be  checked  by  selecting  specific  aircraft  and  determining 
the  environmental  conditions  in  which  they  operated  during  the  first  few 
years  of  service.  With  this  information  as  input,  the  predictive 
corrosion  computer  program  will  disclose  the  times  aL  which  significant 
amounts  of  corrosion  damage  and  coating  degradation  should  have  occurred. 
These  predictions  will  then  be  compared  with  a  plot  of  corrosion  control 
manhours  for  the  corrosion  prone  ateas  of  the  aircraft. 


The  validation  of  the  crack  growth  module  of  the  computer  pi  ogram  will  be 
accomplished  by  comparing  analytical  crack  growth  lengths,  which  have  been 
adjusted  for  environmental  conditions  during  the  test  period,  with  actual 
cracks  in  the  test  article  used  in  the  C-5A  Modified  Wing  Structural  Test 
Evaluation^ ) .  During  the  C-5A  Modified  wing  test  approximately  100 
cracks  initiated  from  intentional  sawcuts  made  in  the  wing.  A  comparison 
of  actual  arid  predicted  crack  growth  was  performed  for  nineteen  of  these 
cracks  representing  various  configurations  and  spanwise  locations. 
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The  final  task,  Task  V,  will  be  to  evaluate  the  efficiency  of  a  new 
maintenance  scheduling  decision  logic  which  integrates  the  predictive 
corrosion  model  with  the  Air  Force  Reliability  Centered  Maintenance  (RCM) 
programs.  RCM  currently  determines  inspection  intervals  and  scheduled 
maintenance  intervals  based  upon  the  probability  of  an  item  failing  within 
that  interval,  and  upon  the  criticality  of  that  failure.  Corrosion  is  a 
"malfunction"  or  "failure  mode"  which  is  experienced  constantly,  and  a 
tool  which  can  accurately  predict  the  frequency  and  effect  of  corrosion 
occurrence  will  make  an  important  contribution  toward  the  objectives  of 
Reliability  Centered  Maintenance  programs. 

As  a  part  of  the  final  task,  the  feasibility  of  modifying  the  current 
maintenance  activity  control  systems  to  include  the  results  of  the 
predictive  corrosion  model  will  be  investigated.  If  feasible,  the 
necessary  changes  to  the  current  system  will  be  identified.  The  impact  of 
making  these  changes  will  be  estimated  from  the  standpoint  of  cost  of 
incorporation  and  cost  increases/decreases  of  maintenance  activity,  as 
well  as  improvement  in  operational  readiness  of  the  aircraft.  The 
operational  readiness  improvement  aspect  would  come  from  being  able  to 
better  predict  corrosion  problems  so  that  preventive  measures  could  be 
taken  in  advance  or,  at  least,  the  logistical  support  needed  (maintenance 
personnel,  equipment,  spares,  etc.)  would  be  ready  and  available  when 
needed . 


6.0  CONCLUSIONS 

1.  A  VAX-11  computer  program  which  will  predict  the  degree  of  corrosion 
sustained  by  aircraft  alloys,  the  degradation  of  aircraft  coating 
systems,  and  the  fatigue  cracking  of  aircraft  alloys  in  a  variety  of 
environments  has  been  developed. 

2.  The  predictive  corrosion  modeling  program  will  enable  optimum 

inspection  and  maintenance  scheduling  for  the  major  types  of  crack 
growth,  corrosion  damage,  and  coating  degradation  problems  which  may 
occur  on  C-5A  aircraft. 

3.  The  predictive  corrosion  modeling  program  can  be  readily  modified  for 
use  on  the  C-141,  C-130,  and  B-52  and  other  aircraft  fleets  which  have 
crack  monitoring  programs. 

4.  The  implementation  and  use  of  the  predictive  corrosion  modeling 
program  will  minimize  unnecessary  inspections  and  will  enable 
corrosion  damage  to  be  prevented  or  repaired  at  minimum  cost. 
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VANADIC  HOT  CORROSION  OF 
GAS  TURBINE  BLADE  COATING  MATERIALS 
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ABSTRACT 


In  anticipation  of  possible  future  use  of  vanadium-containing  fuel  in  Navy  ship  propulsion 
gas  turbines,  studies  have  been  made  at  NRL  on  vanadium  effects  in  the  hot  corrosion  of 
CoCrAlY,  a  currently  used  metallic  blade  coating,  and  of  stabilized  zirconia  (ZrC>2),  a  ceramic 
being  developed  as  an  advanced  blade  coating  for  gas  turbines.  Both  materials  were  attacked 
under  conditions  of  high  V2O5  activity,  with  an  outer  layer  of  cobalt  vanadate  being  formed 
on  CoCrAlY  which,  in  some  instances,  gave  an  apparent  (but  unreliable)  "inhibition"  of 
corrosion.  Vanadic  attack  on  zirconia  caused  depiction  of  the  stabilizing  oxides  (i.e.,  Y2O3 
or  Ce02)  and  degradation  of  the  ceramic.  Interestingly,  the  corrosion  processes  for  both 
materials  are  similar  in  many  respects,  being  in  each  case  predominantly  controlled  by  Lewis 
acid-base  reactions  between  the  molten  salt/combustion  gas  species  (Na20,  V2O5,  SO3)  and 
coating  oxides  (CoO,  Y2O3,  CeC^).  The  paper  closes  with  a  discussion  of  the  potential 
application  of  oxide  acid-base  theory  to  develop  "corrosion-proof’  stabilized  zirconia  coatings 
by,  c.g.,  identifying  new  stabilizing  oxides  which  are  more  resistant  than  Y2O3  to  acidic 
(vanadic)  corrosion. 

INTRODUCTION 


Currently  US  Navy  ships  use  a  distillate  fuel  which,  because  vanadium-containing 
compounds  in  crude  petroleum  tend  to  remain  with  the  residual  during  distillation,  has  a  very 
low  vanadium  content.  Thus  vanadic  hot  corrosion  is  not  a  present  Navy  problem.  However, 
much  of  the  world’s  remaining  petroleum  supply  is  contaminated  with  high  levels  of  vanadium 
(500  ppm  or  more  in  some  cases),  and  it  will  become  increasingly  expensive  and  difficult  to 
insure  vanadium-free  luel  for  future  Navy  needs. 


While  certain  levels  of  vsnadiuni  in  fuel  can  be  tolciatcd  by  steam  iuibute  or  diesel 
engine  ship  propulsion  units,  vanadic  hot  corrosion  is  potentially  critical  for  the  gar,  turbines 
which  power  more  than  100  Navy  ships.  The  blades  in  these  gas  turbines  have  metal  sections 
as  thin  as  0.025  in.  in  some  areas,  and  they  arc  protected  against  hot  corrosion  by  CoCrAlY  (a 
Co-bascd  alloy  containing  Cr,  Al,  and  Y)  coatings  which  arc  themselves  only  0.005  in.  in 
thickness.  No  excess  of  metal  thus  exists  in  gas  turbines  to  allow  for  corrosion.  Also, 
fouling  of  the  compressor  and  hot  section  blades  must  be  avoided,  which  rules  against 
treatment  for  vanadium  by  fuel  additives  that  work  by  forming  high  melting  vanadate  deposits. 


The  potential  seriousness  of  vanadium  fuel  contamination  has  been  demonstrated  recently 
by  DTNSRDC  burner  rig  tests  (Ref.  1)  where  less  than  10  ppm  of  vanadium  added  to  a  fuel 
containing  ]%  sulfur  produced  up  to  5X  increase  in  the  70OC  hot  corrosion  of  specimens 
coated  with  CoCrAlY  of  the  composition  used  in  Navy  marine  gas  turbines. 


A  strong  need  exists  therefore  both  to  verify  and  understand  vanadium  effects  in  Navy 
ship  gas  turbine  hot  corrosion,  and  to  undcilako  the  development  of  blade  coatings  that  can 
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resist  vanadate-induced,  as  svcll  as  sulfate- induced,  hot  corrosion.  The  ability  to  use 
vanadium-contaminated  fuel  would  give  the  Navy  substantial  advantages  including 
i)  decreased  cost  and  increased  availability  of  fuel;  ii)  insurance  against  damage  by  accidental 
(or  even  sabotage)  vanadium  contamination  of  ship  fuel;  and  iii)  most  importantly,  an 
additional  "margin  of  error"  tor  wartime  emergencies  where  fuel  quality  can  not  be  controlled. 


Research  at  NRL  has  been  concerned  with  vanadic  hot  corrosion  both  of  metallic 
CoCrAlY,  i.c.,  the  present  Navy  blade  coating  material,  and  of  ceramic  stabilized -zirconia, 
which  is  a  possible  future  material  for  vanadium-resistant  gas  turbine  blade  coatings.  The 
following  article  consists  essentially  of  excerpts  from  NRL  open  literature  publications  which 
were  chosen  to  illustrate  examples  of  results  obtained  in  this  research. 


VANADIUM  CHEMISTRY 

The  Na-V-O  system  produces  six  compounds,  including  V2O5  (mp,  676°C)  itself,  which  are 
related  as  shown  in  Table  1.  Vanadium  pentoxide  is  an  acidic  oxide,  while  Na20  is  basic. 

Thus  as  the  Na20  content  of  the  compounds  in  Table  1  increases,  the  acidic  nature  of  the 
compound  decreases,  going  from  acidic  with  V2O5  down  to  neutral  or  even  basic  for  Na-iVO^p 
The  acid-base  character  of  the  different  vanadate  compounds  affects  their  corrosion  reactions 
as  will  be  shown  below.  It  is  not  sufficient  therefore  merely  to  speak  of  "vanadium" 
corrosion,  but  rather  one  must  consider  which  vanadate  species  will  prevail  under  the  given 
corrosion  conditions. 

When  sulfur  is  also  present  in  the  fuel,  as  usually  found,  SO3  is  formed  which  competes 
with  V2O5  for  reaction  with  Na20.  Spacil  and  Luthra  (Ref.  3)  have  shown  that  for  Na,  S, 
and  V  concentrations  typical  of  low  quality  V-containing  fuel  and  marine  environments,  the 
composition  of  deposits  produced  on  the  gas  turbine  blades  will  be  determined  by  the 
equilibrium  reaction 

2  NaVCXj  +  SO3  =  V2(>5  +  Na2S04  [1] 

This  equation  predicts  that  increased  SO3  partial  pressure  in  the  turbine  gas  will  increase  the 
V2O5  and  Na2SC)4  activity  in  the  blade  surface  deposit,  while  decreasing  the  NaVO^  activity. 
Low  melting  mixed  eutectic  sulfates  may  also  be  formed  by  reaction  of  SO3  and  Na?S04  with 
oxides  deriving  from  the  coating  itself,  such  as 

1/3  C03O4  +  SO3  +  Na2S04  =  CoS04-Na2S04  (mp,  575°C)  +  1/6  02  [2] 
PREVIOUS  VANADIC  CORROSION  RESULTS 

Vanadic  corrosion  on  boiler  firesides  has  been  a  recognized  problem  for  many  years,  and 
considerable  study  has  been  made,  particularly  in  the  period  1950-70,  of  vanadic  corrosion  in 
gas  turbines  (cf.  Ref.  4).  However,  many  questions  remain  unanswered,  especially  as  regards 
materials  and  conditions  relating  to  modern  Navy  ship  propulsion  gas  turbines.  In  the  past, 
laboratory  tests  have  usually,  but  not  always,  shown  Na2Vi2C3i  (the  most  acidic  vanadate  yet 
containing  Na20)  to  be  the  "most  corrosive"  vanadium  compound,  bill  this  fact  has  not  been 
adequately  explained.  Similarly,  the  effects  of  SO3  have  been  ambiguous,  with  SO3  in  the 
iurnace  gas  in  some  cases  being  fo,  .id  to  accelerate,  but  in  other  cases  to  slow,  vanadic 
corrosion.  Additions  of  V2O5  have  also  been  reported  in  fact  to  inhibit  sodium  sulfate- 
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induced  hot  corrosion  of  nickel  and  Ni  based  supcralloys  by  the  formation  of  refractory  nickel 
vanadate  phases. 

The  vanadic  corrosion  of  stabili/ed-zirconia  ceramics  has  been  studied  only  recently  as  a 
part  of  the  development  of  Zr02  thermal  barrier  coatings  for  gas  ‘urbines  and  diesels  (Ref.  3). 
Scientific  understanding  of  this  corrosion  is  still  limited,  with  the  nrevious  knowledge  being 
essentially  that  vanadium-containing  fuels  (and  NaVC>3  in  the  laboratory)  leached  Y2Q3  from 
YiC^-stabi'.ized  Zr02,  with  YVO4  usually  formed,  and  that  die  presence  of  SO3  accelerated  the 
rate  of  attack  (Ref.  6).  Work  at  NRL  has  since  (partly  as  described  below)  developed  the  idea 
that  vanadic  corrosion  of  stabili/.cd-Zr02  is  largely  controlled  bv  Lewis  acid-base  reactions 
such  as 


Y203  (basic)  -r  V2O5  (acidic)  =  2  YVO4  (sail)  [3] 

and  that  it  is  possible  to  rank  the  acidic/basic  character  of  potential  stabilizing  oxides  for 
Zr02  so  as  to  identify  stabilizers  more  resistant  to  corrosion  than  Y2O3,  and  thus 
substantially  increase  the  vanadic  corrosion-resistant  of  stabilized-Zr02  coatings  (Refs.  7,8). 

VANADIC  CORROSION  OF  CoCrAlY 

In  this  investigation  (Ref.  4),  coupons  of  Co-35Cr-6Al-0.5Y  (wgl-pcrcent)  were  deposited 
with  thin  layers  (3-5  mg/cm2)  of  Na3VC>4,  NaV'03,  V2O5,  or  Na2S04,  or  mixtures  thereof.  The 
salt-coated  coupons  were  then  exposed  at  700°C  in  a  thermobalance  under  flowing  (25  cm/min) 
air,  either  pure  or  containing  low  concentrations  of  SO3,  with  the  corrosion  rate  being 
monitored  by  rate  of  weight  gain.  The  original  paper  should  be  consulted  for  full  details  and 
results,  since  only  two  of  the  several  findings  obtained  arc  presented  here. 


1.  Corrosion  by  Pure  Compounds  under  Air. 

This  is  the  "traditional"  experiment  in  vanadic  corrosion  investigations,  where  metals  are 
given  a  single  coating  of  the  different  vana  lium  compounds  and  then  simply  exposed  at 
temperature  in  air.  However,  the  results  here  (Fig.  1)  differed  from  those  mostly  reported  in 
the  past  in  that  it  was  not  the  acidic  compounds,  but  rather  the  most  basic  compound, 
NajVO^  which  gave  greatest  corrosion.  This  apparent  contradiction  was  explained  by  analyses 
which  showed  that,  with  Na3V04,  the  initial  corrosion  behavior  was  predominated  by  the 
reaction 


2  Na3'/()4  +  Cr203  +  3/2  02  =  2  Na2CrC>4  +  2  NaV03  [4] 

This  is  an  acid-base  reaction  where  basic  Na20  from  Na20-rich  Na3V(>4  reacts  with  acidic 
Cr2C>3,  resulting  bom  the  35  w/o  chromium  content  of  the  CoCrAlY,  to  produce  a  non- 
protectivc  surface  corrosion  product  layer  containing  high  concentrations  of  the  salt,  Na2Cr()4. 
On  the  other  hand,  attack  by  V2()5  yielded  a  two-Iaycred  morphology  (Fig.  2)  consisting  of  an 
outer  cobalt  vanadate  phase  and  an  inner  oxide  phase  containing  a  low  level  of  vanadium. 

The  cobalt  vanadate  can  also  be  considered  as  the  product  of  an  acid-base  reaction,  viz.., 

2  CoO  (basic)  +  V2()<;  (acidic)  =  Co2V207  (salt)  [5j 

Corrosion  by  NaV03  produced  only  an  oxide  layer  (Fig,  3)  containing  a  similar  low  vanadium 
concentration,  and  having  much  the  same  appearance,  as  the  inner  oxide  layer  resulting  from 
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V0O5  attack.  No  cobalt  vanadate  phase  was  found  with  NaVC>3  corrosion,  which  indicates  that 
the  V2O5  activity  in  this  case  is  lower  than  that  necessary  for  the  formation  of  C02V2O7. 

Results  as  above  suggest  that  one  is  not  limited  to  accepting  the  corrosion  behavior  of 
different  metals  with  different  vanadium  compounds  simply  as  "experimental  facts."  Review  of 
past  investigations  where  the  acidic  vanadates  gave  greater  corrosion  than  NajVC^  suggests, 
for  example,  that  the  metals  involved  mostly  formed  oxides  of  a  more  basic  nature  than  O2O3 
(e.g.,  NiO),  or  possibly  oxide  films  with  lower  CrjO^  concentrations,  and  thus-because  bases 
react  with  acids,  but  not  other  bases--wcre  corroded  more  readily  by  vanadates  with  high 
V2O5  activity  than  those  with  high  Na20  activity.  It  may  be  possible  therefore  that 
vanadate/metal  corrosion  behaviors  can  be  largely  understood,  and  even  to  some  extent 
anticipated,  by  consideration  of  acid-base  reactions  between  the  metal  (oxides)  and  vanadate 
components,  and  of  the  likely  effects  of  the  resultant  corrosion  products  (e.g.,  the  formation 
of  metal  vanadate  outer  "barrier"  layers). 

2.  Corrosion  by  Pure  Compounds  under  Air  Containing  SO3. 

When  CoCrAlY  coupons  coaled  with  the  various  compounds  were  exposed  at  700°C  under 
air  containing  13  Pa  of  SO3,  substantially  greater  corrosion  occurred  (Fig.  4,  compare  with 
Fig.  1)  with  Na2S04  actually  giving  highest  corrosion,  in  accord  with  the  now  well  known 
700°C  corrosion  of  CoCrAlY  by  S03/Na2S04.  However,  the  most  interesting  behavior  was 
shown  by  NaV03  in  Fig.  4  where,  after  about  16  hours  of  exposure,  the  corrosion  rate 
abruptly  increases,  but  then  becomes  greatly  reduced,  or  "inhibited",  from  24  hours  onward  to 
the  end  of  the  test  period. 

An  examination  of  the  corrosion  morphology  both  before  (Figs.  5,6),  and  after  (Fig.  7), 
the  abrupt  rise/inhibition  break  in  the  corrosion  rate  curve  revealed  that  this  behavior 
essentially  results  from  the  reaction  of  SO3  with  NaVCYj  to  produce  V2O5  and  Na2SC>4,  i.e., 
Reaction  [1],  In  Fig.  5,  taken  after  14.5  hrs  exposure,  the  corrosion  morphology  can  be  seen 
to  consist  of  an  inner  oxide  layer  and  an  outer  "salt"  layer. 

Energy  dispersive  x-ray  analysis  at  higher  magnification  (Fig.  6)  identified  the  medium  gray 
phase  marked  by  "A"  in  the  outer  salt  layer 

to  be  mostly  eutectic  CoSC>4-Na2S04  (cf.  Reaction  (2J)  containing  dissolved  V2O5  and/or 
NaV()3,  and  which  was  molten  at  temperature.  The  white  phase  marked  by  ”B"  is  a  cobalt 
vanadate,  probably  C02V2O7,  that  is  precipitated  from  the  molten  sulfate  when  the  V2O5 
activity  exceeds  some  critical  value  in  the  melt. 

After  48  hrs  exposure  (Fig.  7),  i.e.,  in  the  "inhibition"  period,  the  outer  surface  of  the 
corrosion  phase  is  completely  capped  over  by  cobalt  vanadate  (phase  "B"),  with  the  mixed 
CoSC>4-Na2S04  (phases  "C"  and  "D")  being  effectively  buried.  Thus  "inibition"  is  achieved 
because  i)  the  vanadium  from  ihe  original  coating  of  NaVCFj  is  largely  tied  up  in  the  outer 
cobalt  vanadate  layer,  and  ii)  this  cobalt  vanadate  layer  is  sufficiently  covering  to  shield  the 
CoCrAlY  from  continuing  attack  by  the  SO3  in  the  air  stream. 

However,  the  cobalt  vanadate  outer  layer  is  not  necessarily  chemically  or  physically 
stable.  In  Fig,  7,  the  outer  surface  of  the  cobalt  vanadate  is  converting  to  cobalt  oxide  (the 
phase  marked  "A")  presumably  by  vaporization  of  V2O5  into  the  air  stream.  Also,  cracks  arc 
visible  at  the  inner  edge  of  the  vanadate  phase,  suggesting  that  the  vanadate  would  spall 
easily,  and  indeed  a  periodic  building-and-spalling  of  an  outer  vanadate  layer  has  been 
proposed  to  occur  in  burner  rig  tests  of  vanadic  hot  corrosion  (Ref.  9). 
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Thus,  as  in  the  preceding  section,  it  appears  possible  to  rationalize  the.  corrosion  of 
CoCrAlY  by  vanadate/SOj  through  an  understanding  of  the  potential  acid-base  reactions 
between  the  metal  oxides  and  the  corrosive  compound  constituents  (Na20,  V2O5,  SO3),  and  of 
the  influences  the  reaction  products  may  have  in  continuing  corrosion.  Also,  interestingly, 
the  mechanism(s)  of  corrosion  may  differ  between  vanadium-inducted  and  sulfur-induced  hot 
corrosion,  since  a  wcil-dcfined  inner  ox.de  layer  (cf.  Fig.  5)  is  usually  found  with  vanadic 
corrosion  that,  although  it  contains  low,  uniform  ’evels  of  vanadium,  gives  no  indication  of 
any  molten  phase.  This  implies  that  oxitialion/corrosion  at  the  metal  front  is  actually  a  gas- 
solid  reaction,  where  vanadium,  perhaps  by  being  incorporated  at  low  levels  in  the  oxide 
structure,  renders  the  oxide  nonprntective  and/or  increases  diffusion  through  the  oxide  layer. 

In  contrast,  sulfur-induced  corrosion  at  70O°C  is  thought  by  many  to  involve  a  molten 
eutectic  sulfate  phase  and  licjiiid  transport  of  tl  e  various  corrodent/corrosion  product  species. 

The  controversy  has  been  briefly  discussed  by  proponents  of  each  theory  (Ref.  9),  but  remains 
unresolved. 

VANADIC  CORROSION  OF  ZIRCON1A  CERAMICS 

As  noted  above,  this  research  has  the  goal  of  providing  scientific  understanding  of  the 
vanadic  hot  corrosion  of  zirconia  (ZrC^)  and  other  ceramics  to  support  development  of  vanadic 
corrosion-resistant  ceramic  coating?,  for  Navy  sh’p  propulsion  gas  turbines. 

1.  Acid-Base  Corrosion  React ica  of  Zirconia  Ceramics. 

At  first  thought,  ceramic  oxides,  being  "highly  stable"  oxides,  might  not  be  expected  to 
corrode.  However,  experience  has  shown  that  ceramic  oxides  do  corrode,  with  the  degradation 
of  Y203-stabilizcd  Zr02  by  molten  NaVC>3  (Fig.  8)  causing  Y2O3  to  be  leached  from  the  Zr()2 
matrix  and  deposited  as  YVO4  cystals  on  the  ceramic  surface  This  process  appears  to  be 
principally  driven  by  Lewis  acid  base  reactions  as  demonstrated  in  NRL  experiments  (Ref.  7) 
which  systematically  examined  reactions  between  the  different  vanadium  compounds  and  various 
ceramic  oxides.  The  results  (Fig.  9)  are  unequivocally  consistent  with  acid-base  behavior, 
where,  e.g.,  Y2O3  (basic)  doe;,  not  react  with  Na3V04  (basic)  but  reacts  readily  NaV03 
(moderately  acidic)  and  V2O5  (mo>e  acidic)  to  produce  YVO4.  The  less  basic  oxide,  CcC)2, 
docs  not  react  with  Na3VC>4  (Ce02  still  too  basic)  nor  NaV03  ( CeC>2  too  acidic)  but  dees 
react  with  the  more  aci  lie  V2O5.  Zirconia  is  apparently  somewhat  more  acidic  than  Cc()2, 
and  does  not  react  with  NaV03,  and  reacts  only  very  slowly  with  V2O5:  i.c.,  the  behavior  of 
Y2O3  and  Zr02  is  in  excellent  agreement  with  the  degradation  of  Y203-stabilized  Zr02  by 
NaV03  where  Y2O3  is  depleted  from  the  ceramic  with  formation  of  YVO4,  but  the  ZrC>2  matrix 
remains  essentially  UB5ttsc!axi. 

Conversely,  oxides  such  as  Ta2C>5  arc  sufficiently  acidic  to  displace  V2O5  from  the 
sodium  vanadates,  and  even  react  with  V2O5  itself  to  generate  a  compound  that  is  probably  a 
tantalate  rather  than  a  vanadate  as  listed  in  Fig.  9  (and  the  literature), 

2.  Vanadic  Corrosion  of  Fabricated  Zirconia  Ceramics, 

Subsequent  experiments  were  undertaken  on  the  corrosion  of  fabricated  ceramics  in 
molten  NaVC>3  to  determine  i)  whether  the  acid-base  reaction  characteristics  of  the  different 
ceramic  oxide'  would  be  retained  once  (he  oxides  were  processed  into  ceramics,  and  ii) 
wh:mcr  the  method  ol  processing  affects  the  corrosion  performance  of  the  ceramic. 

As  a  first  step  ;n  investigating  these  points,  pieces  of  ceramic  with  different 
compositions  and  processing  were  exposed  simultaneously  in  bulk  molten  NaV03.  Surprising 
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results  were  obtained  (F\g.  10)  with  sintered  CeC>2(23w/o)-stabiHzed  Zr02— which  according  to 
the  data  in  Fig.  9  should  have  been  "inert"  since  neither  CeC>2  or  ZrC>2  were  found  to  react 
with  NaVC>3--being  depleted  of  Ce02  (confirmed  by  SEM/EDS  analysis)  and  showing  greater 
depth  of  degradation  than  Y203(8w/o)-stabilized  ZrC>2.  A  second  interesting  result  was  that 
the  rapidly  solidified  (RS)  and  single  crystal  (SC)  ceramics  (i.c.,  those  ceramics  which  had 
been  fused)  were  less  corroded  than  the  sintered  ceramics,  even  for  equivalent  8(w/o)  Y2O3- 
ZrCb  compositions. 

Both  findings  are  potentially  important  and  are  being  investigated  further,  but  most 
emphasis  to  date  has  been  placed  on  trying  to  understand  the  apparently  anomalous  corrosion 
behavior  of  CeC>2  when  incorporated  into  Zr02- 

3.  Physical  Solubility  of  CeC>2  in  Molten  NaVC^. 

Ceria  could  conceivably  be  leached  from  the  zirconia  matrix  by  simple  physical  solubility 
where  no  chemical  reaction  between  CeC?2  and  NaVC>3  occurs.  To  test  this  idea,  the  solubility 
of  CeC>2  in  700-1000°C  NaVC>3  was  determined  (Ref.  8)  by  monitoring  the  weight  loss  suffered 
by  solid  pieces  of  CeC>2  equilibrated  with  known  weights  of  NaVC>3  at  the  different 
temperatures.  The  sclubi'ity  of  CeCH  so  measured  (Fig.  11)  increased  monotonically  from 
about  0.1  mole-percent  at  700o  to  1.0  mole-percent  at  1000°C.  Also,  when  the  1000°C  melts 
were  quenched,  Ce02  (identified  by  x-ray  diffraction)  deposited  on  the  crucible  walls, 
providing  further  evidence  that  no  chemical  reaction  occurs  between  NaVC>3  and  pure  C0O2. 

It  is  difficult,  however,  to  argue  that  physical  solubility  of  this  extent  is  solely  responsible 
for  the  Ce02  depletion,  especially  when  other  possible  mechanisms  have  not  been  ruled  out. 

4.  Reaction  of  Cc02-Zr02  with  Thin  Film  V2O5  and  NaVC^. 

An  alterative,  and  probably  more  realistic,  technique  for  the  study  of  vanadate/ccramic 
interaction  is  to  coat  the  ceramic  with  thin  films  of  the  vanadium  compound,  and  then 
examine  the  products  and  phases  that  are  formed  on  the  ceramic  surface  by  exposure  at 
temperature.  For  sintered  Cc02(23w/o)-stabilized  ZrC>2  coated  with  NaVC>3  and  exposed  at 
700°C  under  air  containing  40  Pa  of  SO3,  one  can  determine  (Fig.  12)  by  SEM/EDXA,  for 
example,  that  a  molten  eutectic  CeSC>4-Na2S04  phase  ("1")  is  formed  on  the  CeC^-dcpletcd 
ceramic  surface  ("2"),  with  CeV04  crystals  ("3")  then  apparently  being  precipitated  from  the 
eutectic  sulfate.  This  mechanism  is,  interestingly,  very  similar  to  the  way  C02VO7  is 
precipitated  from  molten  CoS04-Na2S04  in  the  SC>3/NaV03  attack  of  CoCrAlY. 

More  relevant  to  the  depletion  of  CcC>2  from  Cc02-Z.rC>2  by  Nav'03,  however,  were  tests 
where  the  surface  products  formed  on  rapidly  solidified  CcO2(20w/o)-ZrO2  by  thin  films  of 
V2O5  at  900°C  were  compared  with  the  products  formed  on  the  same  ceramic  material  under 
the  same  conditions  by  thin  films  of  NaVOj.  Tests  with  V2O5  produced  discrete  surface 
crystals  (Fig.  13a,  "A")  which  contained  (Fig.  13b)  Ce  and  V,  but  no  Zr,  and  which 
quantitative  EDXA  confirmed  to  be  CeVC>4,  i.e.,  the  product  found  for  reaction  of  pure  Cc()2 
an-.  V2O5  in  Fig.  9.  Equivalent  tests  with  NaVC>3  generated  a  surface  layer  of  crystals  (Fig, 
14a),  but  it  could  be  shown  by  x-ray  mapping  (Fig.  14b)  that  Ce  was  segregated  into  only 
certain  crystals  ("A".  Fig.  14a)  in  this  crystal  layer.  More  significantly,  quantitative  EDXA 
established  that  these  crystals  contain  about  90  a/o  Ce  and  10  a/o  Zr,  but  essentially  no 
vanadium.  Thus  the  findings  in  Fig.  9  are  not  violated-no  vanadate  product  has  been 
produced  by  reaction  of  CeC>2  and  HaV03--and  while  Ce  is  being  segregated  from  the  ceramic 
by  NaV()3,  the  final  segregate  is  not  a  vanadate,  but  rather  an  oxide,  albeit  perhaps  a  mixed 
oxide  of  Cc  and  Zr. 
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5.  Possible  Application  of  Acid-Base  Science  from  Glass  Chemistry. 

The  chemistry  of  CcC>2  is  thus  evidently  affected  by  its  being  incorporated  in  Zr()2,  but 
how  the  effect  occurs,  or  how  it  may  be  predicted  or  quantitatively  characterized,  is  still  not 
known.  However,  concepts  of  acid-base  chemistry  in  glasses,  as  developed  by  Duffy  (Ref.  10), 
offer  an  intriguing  possible  approach  to  an  explanation.  Oxyanion  glasses  can  be  considered 
as  formed  by  reaction  between  basic  (Na20,  CaC,  etc.)  and  acidic  (SiC^,  B2O3,  etc.)  oxides. 

The  oxygen  atoms  within  the  resultant,  c.g.,  silicate  lattice  function  as  Lewis  bases  (electron 
donors),  whose  basicity  or  "ability  to  donate  negative  chaige"  is  mode! ated  by  interactions 
with  the  acidic  (electron  acceptor)  Si^+  constituents  of  the  silicate  lattice,  and  with  the  other 
acidic  cations  (Na  +  ,  Ca^  +  ,  etc.)  that  arc  incorporated  in  the  glass.  As  described  in  Ref.  10, 
Duffy  has  shown  that  a  UV  spcctromctric  parameter,  which  he  terms  the  "optical  basicity", 
can  be  obtained  that  "is  a  measure  of  the  oxide  basicity  and  represents  the  degice  of  negative 
charge  residing  on  the  oxide(-II)  species.  Duffy  and  coworkers  have  since  determined  the 
optical  basicities  for  many  glasses  and  other  oxides  (MgO,  AI2O3,  B2O3,  S'02,  P20<;,  SO3, 
etc.),  and  demonstrated  that  the  optical  basicity  concept  provides  an  improved  explanation  for 
many  oxide  reactions  including  acid-base  reactions  between  oxides  and  oxysalts  (Ref.  11). 

Following  this  line  of  thinking,  one  can  speculate  that  the  difference  in  oxide  lattice 
basicity  between  pure  CcC>2  and  a  CeC>2-Zr02  solid  solution  could  increase  the  "effective" 
basicity  o?  CeCh  (in  ZrCb)  so  that  it  could  react  (as  Y2O3  does)  with  NaVC>3,  possibly 
producing  CeVC^;  however,  such  CeV04  would  be  unstable  in  the  NaV’03  melt,  and  would  tend 
to  decompose  as  it  left  the  sphere  of  influence  of  the  zirconia  lattice,  i.e.,  at  the 
nielt/zirconia  interface.  The  final  product  on  the  zirconia  surface  would  therefore  be  an 
oxide,  and  not  a  vanadate. 

However,  before  this  hypothesis  is  accepted  as  the  probable  cause  for  (he  unexpected 
depletion  of  CeC>2  by  NaVO^,  at  least  two  other  possible  explanations  must  be  mentioned:  i) 

the  10  a/o  of  Zr  found  in  the  CCO2  surface  crystals  may  not  be  fortuitous,  but  may  indicate 
formation  of  a  mixed  Zr,Ce  oxide,  with  the  mixed  oxide  formation  providing  the  driving  force 
for  the  depletion  of  Ce02  from  the  ZrC>2  matrix;  and  ii)  CeJ+  is  significantly  more  basic  than 
Ce^  +  ,  and  if  the  Ce4+  in  the  CcC^-stabilized  Zr(>2  were  reduced  (as  is  observed  under  some 
reducing  conditions),  the  Ce^*  produced  could  react  with  NaVOj,  but  then  be  reoxidized  to 
Ce^+  and  convert  to  CcC>2  under  oxidizing  conditions  in  the  NUVO3  melt. 

The  reaction  of  NaV03  with  Cc02-stabilized  ZrC>2  is  thus  still  unexplained,  but  its  study 
has  identified  new  lines  of  thought  and  possible  avenues  of  investigation  that  may  be  of 
benefit  in  future  research  on  the  reactions  of  corrosive  oxysalts  with  Zirconia  and  other 
oxide-based  ceramics.  Adopting  Duffy’s  "optical  basicity”  technique  for  the  study  of  zirconia 
acid-base  reactions  appears  especially  promising,  although  experimental  difficulties  may  be 
encountered  since  zirconia  tends  to  be  opaque  in  the  UV  spectral  region. 

CLOSURE 

From  the  work  described  here  (and  many  other  sources),  it  is  evident  that  vanadium  in 
the  fuel  has  the  potential  to  seriously  increase  hot  corrosion  in  gas  turbines.  V/hcn  multiple 
corrodents  such  as  V,  S,  etc,  are  present,  the  corrosion  reactions  become  complex.  However, 
even  then  there  appears  to  be  a  centra!  'set''  of  oxide  acid-base  reactions  between  the 
"corrodent"  oxides  (bh^O,  SO3,  V2O5)  and  "material"  oxides  (CoO,  Y2O3,  Zr(>2,  etc.)  that 
predominantly  controls  the  corrosion  process,  icgai  dless  of  whether  the  material  is  metallic 
(CoCrAlY)  or  ceramic  (stabilized  Zr02).  By  a  better  understanding  of  these  oxide  acid-base 
icactions,  we  may  hope,  e.g.,  as  in  the  present  instance  where  oxide  acid-base  concepts  are 
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being  used  in  the  search  for  ?.  vanadium-resistant  stabilizer  for  zirconia,  to  develop  gas 
turbine  coaling  materials  that  can  withstand  vanadium  contaminants  in  fuel. 
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COMPOUNDS  OCCURRING  IN  THE  Na.V.O  SYSTEM  (Ref.  2) 


Na20  +  6  V2O5  =  Na2Vj203i 

Na20  +  3  V205  =  2  NaV308 

Na20  +  V205  =  2  NaV03 

2  Na30  +  V2O5  =  Na4V207 

3  Na20  +  V205  =  2  Na3V04 


vanadium  bronze  I  (mp,  645°C) 
vanadium  bronze  II  (d.,  548°C) 
sodium  metavanadate  (mp,  610°C) 
sodium  pyrovanadatc  (d.,  668°C) 
sodium  orthovanadate  (mp,  1266°C) 


Na3V04 
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Corrosion  of  CoCrAlY  by  pure  compounds  under  flowing  air  at  700°C. 


Corrosion  of  CoCrAlY  by  different 
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Reaction  behavioi  of  ceramic  oxides  with  vanadium  compounds  at 
700-900°C. 


Fig.  10.  Degradation  of  stabilized  ZrC>2  ceramics  in  bulk  NaVC>3  at  700°C,  where 
ceramics  were  either  sintered  (Sin.),  rapidly  solidified  (RS),  or  single 
crystal  (SC).  Solid  lines  are  least  square  fits  of  sintered  Y2O3-  and 
CeO-vslabilized  ZrO?. 
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Fig.  14b.  Elemental  x-ray  map  of  Fig.  14a  confirming  that  Ce  is 

segregate*,  only  into  crystals  of  type  marked  A  in  Fig.  14a. 
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THE  AIR  FORCE  CORROSION  PROGRAM  -  1987 


Melvin  E.  Bishop 

Warner  Robins  Air  Logistics  Center 
Robins  Air  Force  Base,  Georgia 


(Vlewgraph  1)  Good  morning.  I'm  Gene  Bishop,  the  Acting  Air  Force  Corrosion 
Program  Manager  and  I'll  brief  the  current  status  of  Plastic  Media  Blasting 
(PMB)  and  its  potential  as  an  alternate  method  for  stripping  paint  from 
aircraft. 

(Vlewgraph  2)  Plastic  Media  Blasting  is  a  method  of  aircraft  paint  stripping 
which  can  best  be  described  as  similar  to  sandblasting  in  that  compressed  air  is 
used  to  project  an  abrasive,  namely  a  thermoset  plastic. 

In  reviewing  the  background  of  the  inception  of  Plastic  Media  Blasting  as  an 
alternative  to  chemical  stripping,  one  finds  that  there  were  two  major  reasons 
to  search  for  an  alternative  to  chemical  strippers. 

The  first  was  the  decreasing  ability  of  chemical  strippers  to  effectively  remove 
the  high  technology  coating  systems  that  are  applied  to  USAF  weapon  systems. 

The  second  was  the  high  cost  of  treating  the  voluminous  liquid  hazardous  waste 
that  resulted  from  stripping  operations. 

In  considering  Plastic  Media  Blasting  as  an  alternative,  evaluators  found  that 
PMB  would  resolve  these  first  two  problems  and  in  addition  could  reduce  manhours 
and  materials  costs  and  improve  the  working  environment  of  paint  stripping 
personnel. 

(Vlewgraph  3)  OO-ALC  in  Utah  was  the  first  Air  Force  organization  to  consider 
Plastic  Media  Blasting,  Initial  tests  at  Hill  AFB  indicated  that  the  process 
would  acceptably  strip  aircraft  having  current  generation  coating  systems. 

These  tests  also  showed  that  the  process  could  potentially  save  five  (5)  million 
dollars  a  year  in  costs  associated  with  F-4  paint  stripping  operations  at  Hill 
AFB. 

A  test  program  was  then  initiated  at  AFWAL  materials  laboratory  to  determine  the 
effects  of  PMB  on  aerospace  materials  of  construction.  This  limited  test 
program  provided  information  that  led  co  the  approval  of  Plastic  Media  Blasting 
of  F-4  aircraft  in  May  of  1985.  This  initial  approval  allows  each  aircraft  to 
be  stripped  up  to  four  (4)  times.  Approval  for  use  of  Plastic  Media  Blasting 
of  ground  support  equipment  wa3  also  given  at  this  time. 

(Viewgraph  4)  The  Air  Force  Corrosion  Program  Manager  was  then  tasked  to 
investigate  several  mechanical  aspects  of  Plastic  Media  Blasting  on  a  variety  of 
aircraft  materials.  The  Battelle-Columbus  Plastic  Media  Blasting  Material 
Characterization  Study  was  initiated  in  September  1985  and  completed  in  July  1986. 
The  major  areas  of  investigation  in  this  study  were  as  follows: 

1.  Determination  of  changes  in  fatigue  life  properties  or  fatigue  crack 
initiation  characteristics  in  aircraft  materials  as  a  result  of  Plastic  Media 
Blasting. 
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2.  Determination,  of  as  a  result  of  PMB,  any  changes  in  fatigue  life 
properties  or  fatigue  crack  initiation  characteristics  in  aircraft  materials 
with  fasteners  installed. 

3.  Determination  of  the  effect  of  Plastic  Media  Blasting  on  the  fatigue 
crack  growth  rates  of  aircraft  materials. 

4.  Determination  of  whether  the  Almen  Strip  Test  can  provide  reliable 
process  control  and/or  research  data.  This  test  routinely  provides  information 
on  the  amount  of  residual  stress  that  peering  processes  impart  to  metals. 

5.  Determination  of  the  effect  of  Plastic  Meaia  Blasting  on  fluorescent 
dye-penetrant  inspection  techniques. 

(Viewgraph  5)  The  Battelle-Columbus  study  produced  two  significant  results. 
First ,  there  was  up  to  a  90 %  decrease  in  fatigue  life  for  edge  and  center  panel 
crack  initiations.  Higher  density  particles ,  such  as  sand  inadvertently  mixed 
with  the  plastic  media,  are  the  apparent  cause  of  this  decrease  in  fatigue  life. 
The  sand  is  apparently  picked  up  from  the  aircraft  and  the  blasting  facility 
floor.  Second,  there  wa3  a  significant  increase  in  fatigue  crack  growth  rates. 
This  increase  is  the  result  of  the  residual  stresses  imparted  to  the  metal 
surface  as  the  result  of  Plastic  Media  Blasting.  The  mechanical  effects  of 
Plastic  Media  Blasting  were  most  noticeable  on  thin  skin  test  panels. 

(Viewgraph  6)  In  order  to  resolve  these  major  problems,  the  Air  Force 
Corrosion  Program  Office  contracted  for  a  follow-on  study.  The  follow-on  study 
was  begun  on  25  Sep  86  and  has  a  requested  completion  date  of  30  Jun  87. 
Specifically,  the  new  contract  requires  the  contractor  to: 

First,  confirm  high  density  particles  as  the  cause  of  fatigue  life  loss  by 
blasting  test  specimen  with  clean  virgin  media. 

Second,  perform  a  parametric  analysis  using  Almen  strips  to  determine  the 
least  damaging  set  of  parameters.  Almen  strips  will  measure  damage  by  providing 
a  relative  index  of  the  amount,  of  residual  stress  applied  to  the  material  by  the 
blasting  process. 

Third,  if  high  density  particles  are  causing  the  fatigue  life  loss,  the 
contractor  is  to  do  a  preliminary  investigation  of  available  separation 
technology  and  make  general  recommendations  on  the  type  of  recovery  system  that 
might  be  desirable, 

(Viewgraph  7)  The  Battelle-Columbus  follow-on  effort  is  on  schedule  and  under 
budget.  Battelle-Columbus  laboratories  has  indicated  that  the  requested  30  Jun  87 
completion  date  will  be  met.  The  technical  results  from  this  study  will  be 
briefed  to  the  Air  Force  Executive  Steering  Group  For  Nondestructive  Inspection, 
Composites,  and  Corrosion  in  June  1987. 

(Viewgraph  8)  Using  the  results  from  this  study,  the  Air  Force  Corrosion 
Program  Manager  will  be  able  to  make  recommendations  on  the  safest  and  least 
damaging  parameters,  procedures,  and  equipment  to  be  used  in  plastic  media  paint 
stripping  operations.  However,  we  recognize  that  with  time,  the  optimum 
parameters  may  change  as  new  equipment  and  testing  reveal  even  better  operating 
procedures . 

Headquarters  Air  Force  Logistics  Command  MM  and  MA  may  then  make  a  general 
authorization  for  use  of  the  PMB  process  on  aircraft  based  on  the  results  of 
this  test  program.  Individual  System  Program  Managers  will  be  required  to  make 


specific  authorizations  for  the  use  of  Plastic  Media  Blasting  on  their  respective 
weapon  systems. 
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INTRODUCTION 


In  order  to  reduce  the  magnetic  signature  of  steel  ships,  periodic 
demagnetizing  is  required.  This  is  accomplished  at  a  shore  based 
"deperming"  pier  where  controlled  electric  currents  are  passed  through 
colls  surrounding  the  ship  to  neutralize  the  ships  residual  magnetic 
field.  In  order  to  be  effective,  these  facilities  must  be  constructed 
from  nonmagnetic  materials.  Wood  has  been  the  traditional  material  for 
construction  of  these  facilities.  Several  factors,  such  as  the 
increased  activity  of  wood  destroying  organisms  at  many  Naval  Activi¬ 
ties,  the  increased  cost  of  wood  pilings  and  timbers,  the  requirement 
for  longer  pilings  due  to  increased  ship  drafts,  and  improvement  in  the 
design  and  fabrication  of  prestressod  concrete  structures  led  to  the 
consideration  of  prestressed  concrete  as  a  replacement  for  wood  in  such 
structures.  However,  traditional  prestressed  concrete  uses  magnetic 
carbon  steel  prestressing  strand.  In  order  for  prestressed  concrete  to 
be  used  in  the  construction  of  deperming  piers,  a  nonmagnetic  prestres¬ 
sing  material  must  he  used. 

Previous  evaluations  determined  that  Nitronic  33  stainless  steel 
had  appropriate  mechanical,  physical,  and  magnetic  properties  for  use  as 
prestressing  strand.  However,  the  long  term  corrosion  behavior  of  the 
material  in  prestressed  concrete  was  not  determined.  This  validation 
was  directed  toward  the  determination  of  the  corrosion  behavior  of  this 
material  in  prestressed  concrete. 

While  actual  long  term  in  situ  testing  of  any  material  for  a  new 
application  is  highly  desirable,  this  test  program  was  based  upon  tests 
which  can  be  completed  in  a  relatively  short  period  as  construction  of 
now  deperming  piers  was  urgently  required.  The  tests  were  developed  to 
determine  the  relative  susceptibility  of  carbon  steel  and  Nitronic  33 
stainless  steel  to  loss  of  passivity  under  various  conditions  which  are 
likely  to  occur  in  an  actual  marine  structure,  and  to  separately  assess 
the  amounts  and  types  of  attack  which  are  likely  to  occur  on  both  carbon 
steel,  and  Nitronic  33  stainless  steel  when,  oi  if,  active  corrosion  has 
been  initiated.  As  both  carbon  steel  and  Nitronic  33  stainless  steel 
were  expected  to  behave  as  passive  materials  in  concrete,  the  side  bv 
side  comparison  of  the  two  was  considered  to  be  valid. 


PREPARATION  OF  TEST  SPECIMENS 

AH  test  specimens  were  cast  from  the  same  batch  of  concrete, 
representative  of  that  to  be  used  in  construction,  to  reduce  the  effects 
of  variation  of  concrete  on  the  corrosion  behavior  of  the  embedded  metal 
specimens.  Tho  mix  design  was  as  follows: 


Cement  -  Type  II 
Water 

(W/C  ratio  =  0.40) 
Sand  (San  Gabriel) 


Coarse  aggregate 
(San  Gabriel) 

3/8  inch  maximum 

Admixture 

(Sika  Mix  126) 


8.4  bags/yd 
37.9  gallons/yd 


1113.0  lb/yd 


1526.4  lb/yd 
200.5  fl  oz/yd 


Slump  before  admixture  =  4  inches 
Slump  after  admixture  =  0  inches 


The  Nitronic  33  material  was  furnished  by  ARMCO  Steel  Corporation. 
All  specimens  were  cut  from  the  same  coil  of  material.  The  wire  dia¬ 
meter  was  0.1875  inch.  The  chemical  composition  of  the  material,  as 
determined  by  ARMCO,  was  as  follows: 

Composition  of  Nitronic  33  Test  Wire 


Element 

Percent 

Chromium 

17.69 

Manganese 

12.23 

Nickel 

3.48 

Silicon 

0.50 

Nitrogen 

0.30 

Molybdenum 

0.10 

Carbon 

0.039 

Phosphorous 

0.028 

Sulphur 

0.002 

The  mechanical  properties  of  the  Nitrcnic  33  stainless  steel  wire, 
as  determined  by  ARMCO,  were  as  follows: 


Ultimate  Tensile  Strength 
Yield  Strength 
Elongation 
Reduction  of  Area 
Hardness 


136,000  psi 
116,000  psi 
33.3% 
70.3% 

26  R 

c 


The  stainless  steel  test  material  met  the  composition  and  strength 
requirements  of  ASTM  Specification  A580,  Grade  XM-29. 

The  carbon  steel  wire  specimens  were  center  strands  from  prestres- 
sing  wire  meeting  ASTM  Specification  A416  (the  standard  specification 
for  prestressing  strand). 


Both  the  stainless  steel  and  carbon  steel  wire  specimens  were  cast 
into  4-  by  4-  by  24-inch  concrete  prisms.  After  casting  all  of  the 
specimens  were  placed  in  a  steam  cabinet  and  steam  cured  for  16  hours. 

The  4-  by  4-  by  24-inch  test  prisms  that  were  to  be  cracked  were 
prepared  by  sawing  a  1/2-inch  deep,  3/16-inch  wide  "crack  starter"  notch 
in  the  upper  "free"  face  of  the  specimen  and  then  loading  the  specimen 
at  three  points  as  shown  in  Figure  1. 

Eight  test  specimens  were  cut  by  sawing  from  two  sections  of  piling 
furnished  by  ABAM  Consulting  Engineers,  Seattle,  Washington,  These 
sections  were  fabricated  by  Concrete  Technology  Inc. ,  Tacoma, 
Washington,  and  were  used  for  previous  mechanical  testing  of  the 
Nitronic  33  prestressed  pilings. 


PERFORMANCE  OF  TESTS  AND  TEST  RESULTS 
Electrochemical  Behavior  in  Mortar  Extracts 

Purpose  of  Test.  To  determine  the  chemical  conditions,  representa¬ 
tive  of  those  in  marine  concrete  structures,  which  result  in  passivity 
of  both  carbon  steel  and  Nitronic  33  stainless  steel  and  to  evaluate  the 
relative  stability  of  the  passive  films  where  they  are  present. 

Tost  Procedure.  Potontiostatic  polarization  per  A5TM  C-61. 

Test  Conditions. 


(pH  (by  dilution) 


12.1 

11.6 

11.2 

10.0 

0 

40 

400 

4000 

. 

Extract  from  cured  concrete  was  used  to  prepare  all  solutions.  Chloride 
was  from  seawater. 

Test  Results 

The  electrochemical  tests  showed  that  the  tolerance  of  Nitronic  33 
stainless  steel  to  both  an  increase  in  chloride  ion  and  a  decrease  of  pH 
was  substantially  greater  than  the  tolerance  of  carbon  steel.  The 
electrochemical  behavior  for  both  the  specimens  with  crevices  and  those 
without  crevices  was  essentially  identical  for  both  the  carbon  steel  and 
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Nitronic  33  stainless  steel.  Typical  passive  behavior  for  both  the 
carbon  steel  and  Nitronic  33  stainless  steel  as  exhibited  at  pH  12.2  and 
0  chloride  is  shown  in  Figures  2  and  3. 

As  the  pH  was  lowered  and/or  the  chloride  level  increased,  a  point 
was  reached  where  the  passivity  of  each  alloy  was  reduced,  and  in  the 
case  of  the  carbon  steel,  the  alloy  exhibited  essentially  nonpassive 
behavior.  As  shown  in  Figures  4  and  5,  .the  passivity  of  the  carbon 
steel  was  reduced  considerably  at  pH  11.6  and  200  ppm  chloride,  and 
nonpassive  behavior  was  exhibited  at  pH  10.0  and  200  ppm  chloride.  As 
shown  in  Figure  6,  the  level  of  passivity  of  Nitronic  33  stainless 
steel  retained  at  a  pH  of  10.0  and  6,000  ppm  chloride  was  substantial. 

Tables  1  and  2  summarize  the  results  of  the  electrochemical  tests. 
Fully  passive  behavior  is  indicated  in  the  tables  by  a  P.  Marginal 
passivity  is  indicated  by  a  M  where  passivity  breaks  down  near  the 
highest  potential  used  in  the  tests.  Lower  levels  of  passivity  are 
indicated  by  rupture  potentials  at  increasingly  negative  potentials. 
Nonpassive  behavior  is  indicated  by  an  N. 


Table  1.  Electrochemical  Behavior  of  Carbon  Steel 


pH  (by  dilution) 


12.  i 

11.6 

11.2 

10.0 

0 

P 

P 

P 

P 

20 

P 

M 

+100  MV 

0  MV 

200 

P 

4100  MV 

-100  MV 

-200  MV 

2,000 

0  MV 

-100  MV 

-400  MV 

N 

6,000 

-200  MV 

N 

N 

N 

Table  2.  Electrochemical  Behavior  of  Nitronic  33  Stainless  Steel 


pH  (by  dilution) 


12. 1 

11.6 

11.2 

10.0 

0 

P 

P 

P 

P 

20 

P 

P 

P 

P 

200 

P 

P 

P 

P 

2,000 

P 

P 

P 

P 

6,000 

P 

P 

M 

+100  MV 

Ion  Tolerance  Tests 


Purpose  of  Test.  To  determine  the  relative  tolerance  of  carbon 
steel  and  Nitronic  33  embedded  in  concrete  to  increased  ionic  content 
resulting  from  forced  migration  of  seawater  through  the  concrete. 

Test  Procedure.  The  apparatus  used  to  determine  the  resistance  of 
specimens  embedded  in  concrete  to  accelerated  ion  migration  is  shown  in 
Figure  7. 

The  voltage  impressed  across  the  test  cell  to  drive  the  ions  by 
electrophoresis  was  adjusted  to  give  a  voltage  gradient  of  1  volt  per 
inch  across  the  test  specimen.  Each  test  specimen  contained  one  probe 
of  Nitronic  33  stainless  steel  and  one  probe  of  carbon  steel  in  order  to 
eliminate  any  effects  of  concrete  variability. 

Test  Results 

The  tolerance  of  Nitronic  33  stainless  steel  to  ion  migration  was 
substantially  greater  than  that  of  carbon  steel.  Figure  8  shows  a 
typical  potential  versus  time  curve  for  an  ion  migration  test  run. 
After  approximately  200  hours  with  voltage  applied  across  the  cell  the 
carbon  steel  became  active  as  indicated  by  an  decrease  in  potential. 
The  Nitronic  33  stainless  steel  remained  passive  for  1,000  hours. 

After  1600  hours  of  testing  with  the  potential  applied,  the  tests 
were  terminated  and  the  probes  were  removed  from  the  concrete  blocks  by 
crushing  the  blocks.  As  shown  in  Figure  9,  the  carbon  steel  showed 
considerable  attack  whereas  the  Nitronic  33  stainless  steel  showed  no 
attack. 

Depasslvatiou  at  Closed  Cracks 

Purpose  of  Test.  To  determine  the  relative  susceptibility  of 
carbon  steel  and  Nitronic  33  embedded  in  concrete  to  depassivation  in 
the  presence  of  a  crack  in  the  concrete  that  has  opened  and  reclosed. 

Test  Procedure.  Concrete  prisms  with  both  carbon  steel  and 
Nitronic  33  stainless  steel  strand  cracked  with  crack  widths  of 
1/64  inch,  1/32  inch,  1/16  inch,  and  1/8  inch  were  used.  The  cracked 
specimens  were  exposed  to  seawater  and  then  the  cracks  were  allowed  to 
reclose.  Electrical  potential  measurements  were  used  to  monitor  the 
behavior  of  the  strand  during  exposure.  This  behavior  was  confirmed  by 
visual  inspection  of  the  strands  after  exposure. 

Test  Results 

Neither  the  carbon  steel  or  the  Nitronic  33  stainless  steel  depas- 
sivated  at  closed  cracks  during  the  duration  of  this  test.  The  cor¬ 
rosion  potential  versus  time  for  the  carbon  steel  is  shown  in  Figure  10 
and  the  corrosion  potential  for  the  Nitronic  33  stainless  steel  versus 
time  is  shown  in  Figure  11. 


The  test  bars  in  these  specimens  were  removed  from  the  test  blocks 
after  1200  hours  of  exposure  in  the  depassivation  at  closed  crack  tests. 
Visual  inspection  showed  that  neither  the  carbon  steel  nor  the 
Nitronic  33  stainless  steel  specimens  suffered  any  attack. 

Depassivation  at  Open  Cracks 

Purpose  of  Test.  To  determine  the  relative  susceptibility  of 
carbon  steel  and  Nitronic  33  embedded  in  concrete  to  depassivation  in 
the  presence  of  open  cracks  in  the  concrete  cover  of  various  widths. 

Test  Procedure.  The  test  setup  for  determination  of  depassivation 
at  open  cracks  is  shown  in  Figure  12.  Crack  widths  of  1/64  inch, 
1/32  inch,  1/16  inch,  and  1/8  inch  were  used. 

Test  Results 

None  of  the  Nitronic  33  stainless  steel  specimens  showed  depassiva¬ 
tion  during  the  duration  of  these  tests.  The  carbon  steel  bars  with 
1-inch  cover  showed  depassivation  upon  immersion  for  the  1/8-inch  wide 
crack,  50  hours  for  the  1/ 16-inch  crack,  150  hours  for  the  1/32-inch 
crack,  and  180  hours  for  the  J./64-inch  crack.  The  carbon  steel  bars 
with  2- 1/4- inch  cover  show  depassivation  immediately  upon  immersion  for 
the  1/8-inch  wide  crack  but  showed  continued  passive  behavior  for  the 
1/16-inch  and  tighter  cracks.  Figures  13  and  14  show  the  potential  of 
the  inner  (2-1/4-inch  cover)  and  outer  (1-inch  cover)  bars  versus  time. 

The  test  bars  in  these  specimens  were  removed  from  test  blocks  to 
determine  their  surface  condition.  As  shown  in  Figures  15  and  16,  the 
Nitronic  33  stainless  steel  specimens  were  unattacked,  whereas  the 
carbon  steel  specimens  showed  considerable  attack. 

Repassivation  at  Closed  Cracks 

Purpose  of  Test.  To  determine  the  relative  ability  of  carbon  steel 
and  Nitronic  33  embedded  in  concrete  to  repasslvate  in  the  presence  of  a 
closed  crack  if  corrosion  has  initiated  when  the  crack  was  open. 

Test  Procedure.  The  test  setup  for  this  series  is  identical  to 
that  shown  for  depassivation  at  open  cracks  (Figure  17).  After 
potential  readings  indicate  that  corrosion  has  initiated,  the  cracks  are 
allowed  to  close. 

Test  Results 

Since  the  Nitronic  33  stainless  steel  did  not  depassivate  at  open 
cracks  over  the  duration  of  the  test,  it  was  not  possible  to  make  a 
comparison  between  the  carbon  steel  and  Nitronic  33  stainless  steel  for 
the  ability  to  repassivate.  The  carbon  steel  repassivated  within  35 
hours  of  closing  of  the  crack  as  shown  in  Figure  18. 


Valuation  of  Prestressed  Pile  Specimen 

Purpose  of  Test.  To  determine  the  susceptibility  of  Nitronic  33 
and  carbon  steel  strand  embedded  in  concrete  to  depassivation  using 
specimens  cut  from  a  prestressed  test  piling  section  with  cracks  in  the 
concrete  cover. 

Test  Procedure.  The  piling  sections  were  sawed  into  test  speci¬ 
mens.  The  specimens  were  cracked  with  crack  widths  of  1/8  inch  »d 
1/16  inch  and  immersed  in  seawater.  The  test  setup  for  the  defceruiinu- 
tion  of  the  susceptibility  of  carbon  steel  and  Nitronic  33  stainless 
steel  strand  in  specimens  cut  from  test  pilings  is  shown  in  Figure  19. 
The  faces  and  ends  of  the  test  sections  were  sealed  with  paraffin  prior 
to  filling  the  reservoir  with  seawater. 

Test  Results 

The  corrosion  potentials  versus  time  for  the  carbon  steel  and 
Nitronic  33  stainless  steel  piling  sections  showed  erratic  behavior. 
This  was  attributed  to  the  more  complex  geometry  of  the  specimens,  the 
presence  of  the  spiral  reinforcement  which  was  exposed  (but  coated  with 
paraffin),  and  the  variation  of  cover  over  the  strands.  The  potentials 
indicated  that  there  may  be  limited  corrosion  activity  in  both  the 
carbon  steel  and  Nitronic  33  stainless  steel  prestressed  specimens. 

Upon  completion  of  the  potential  measurements,  the  strand  and 
spiral  reinforcement  was  removed  from  the  test  specimens.  As  shown  in 
Figure  20,  the  carbon  steel  strand  and  spiral  showed  considerable 
surface  attack  in  the  vicinity  of  the  cracks. 

The  Nitronic  32  stainless  steel  spiral  reinforcement  in  the  piling 
specimens  showed  several  areas  of  incipient  attack.  The  Nitronic  33 
stainless  steel  strand  in  the  specimens  was  unattacked.  The  condition 
of  the  strand  and  spiral  reinforcement  is  shown  in  Figure  21. 

Evaluation  of  In-Place  Pilinge 

Purpose  of  lest.  To  determine  the  short  term  (17  month)  perfor¬ 
mance  of  prestressed  pilings  fabricated  using  both  carbon  steel  and 
Nitronic  33  stainless  steel  exposed  in  a  marine  structure. 

Test  Procedure.  This  test  was  performed  on  two  experimental 
pilings  fabricated  using  Nitronic  33  stainless  steel  prestressing  and 
previously  installed  during  construction  of  a  pier  in  Tacoma, 
Washington.  Pilings  prestressed  using  carbon  steel,  which  were  used  in 
the  remainder  of  the  pier,  were  used  for  comparison  purposes.  The  test 
pilings  were  evaluated  using  a  developmental  diver-held,  surface- 
supported  probe  which  measured  the  flow  of  current  into  or  from  the 
surface  of  the  test  pilings.  The  technique  is  described  in  Naval  Civil 
Engineering  Laboratory  (NCEL)  TM  52-85-01. 


Test  Results 


No  significant  corrosion  activity  was  detected  in  either  the 
Nitronlc  33  stainless  steel  or  carbon  steel  prestressed  pilings.  The 
readings  obtained  on  both  types  of  pilings  were  similar.  Small  loca¬ 
tions  on  the  Nitronic  33  stainless  steel  prestressed  piling  where 
limited  corrosion  activity  was  located  were  correlated  with  carbon  steel 
"pre-ties"  used  in  the  manufacture  of  the  test  piling.  The  activity 
associated  with  these  "pre-ties"  is  evident  on  the  potential  map  of  one 
of  the  Nitronic  33  prestressed  piles  as  shown  in  Figure  22,  Examination 
of  the  piling  sections  obtained  by  NCEL  for  sectioning  revealed  that 
there  were  carbon  steel  tie  wires  in  the  Nitronic  33  pilings  at  a 
location  and  spacing  equivalent  to  the  spacing  of  the  "hot  spots" 
located  during  the  inspection. 


ADDITIONAL  EVALUATIONS 

In  addition  to  the  tests  outlined  previously,  additional  evalua¬ 
tions  were  performed.  These  evaluations  included: 

1.  An  evaluation  of  the  relative  amounts  of  corrosion  product 
formed  in  the  corrosion  of  carbon  steel  and  Nitronic  33  stainless  steel 
when  they  corrode  in  concrete. 

2.  An  evaluation  of  the  rates  of  propagation  of  corrosion  of  both 
Nitronic  33  stainless  steel  and  Carbon  Steel  in  concrete  after  the 
initiation  of  corrosion. 

3.  An  evaluation  of  the  effect  of  ion  diffusion  in  the  presence  of 
closed  cracks  on  the  initiation  of  corrosion  of  carbon  steel  and 
Nitronic  33  stainless  steel  in  concrete. 

4.  An  evaluation  of  the  effects  of  the  types  and  amounts  of 
corrosion  anticipated  on  the  structural  integrity  of  prestressed 
concrete  using  both  carbon  steel  and  Nitronic  33  stainless  steel. 

5.  An  evaluation  of  the  possible  effects  of  induced  electric 
currents  on  the  corrosion  of  prestressed  concrete  deperming  facilities. 
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REVIEW  OF  TEST  RESULTS 


Test  Series 

Electrochemical  Behavior 

Ion  Tolerance 

Depassivation  at  Closed  Cracks 
Depassivation  at  Open  Cracks 

Repassivation  at  Open  Cracks 

Prestressed  Piling  Specimens 

In  Situ  Piling  Evaluation 

Propagation  Rates 

Ion  Tolerance  at  Closed  Cracks 

Corrosion  Product  Volume 

Structural  Integrity 


Results 

Nitronic  33  more  resistant  to 
lower  pH  and  increased  chloride. 

Nitronic  33  more  resistant  to 
ion  migration. 

Neither  alloy  became  active. 

Carbon  steel  depassivated, 
Nitronic  33  did  not  depassivato. 

Carbon  steel  repassivated, 
Nitronic  33  did  not  depassivate. 

Potentials  show  carbon  steel 
more  active.  Surface  condition 
evaluation  after  exposure  show¬ 
ed  attack  on  carbon  steel  and 
no  attack  on  Nitrnoic  33. 

No  significant  difference  be¬ 
tween  pilings.  Carbon  steel  in 
Nitronic  33  piling  had  become 
active,  otherwise,  no  signifi¬ 
cant  activity  in  either  piling. 

Carbon  steel  became  active,  uni¬ 
form  corrosion.  Nitronic  33  re¬ 
mained  passive. 

Nitronic  33  more  resistant. 

Nitronic  33  did  not  depassivate. 
No  comparison  possible. 

The  structural  impact  of  distri¬ 
buted  localized  attack  of  the 
type  anticipated  for  the  Ni¬ 
tronic  33  prestressed  piling, 
should  it  occur,  would  be  less 
serious  than  the  more  general 
attack  which  would  be  likely  to 
occur  on  carbon  steel  pre¬ 
stressed  structures  of  similar 
design. 
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Test  Series 


Results 


Induced  Electrical  Currents  The  worst  case  currents  will  be 

less  than  1  ampere.  This  level 
is  substantially  below  that  re¬ 
quired  to  cause  significant  cor¬ 
rosion  activity,  and  can  be 
reduced  substantially  by  in¬ 
creasing  the  resistance  of  the 
current  path  by  not  allowing  the 
prestressing  strand  to  protrude 
from  the  bottom  of  the  pilings. 

Structural  Integrity  The  type  of  attack  expected  on 

the  Nitronic  33,  should  it  oc¬ 
cur,  would  have  less  impact  than 
that  of  the  typical  corrosion  of 
carbon  steel. 

Induced  Currents  The  effect  of  induced  electrical 

currents  will  be  insignificant 
and  may  be  easily  reduced 
further. 

CONCLUSIONS 

Based  upon  the  results  of  all  of  the  tests  performed  in  this  valida¬ 
tion,  it  is  concluded  that  the  resistance  of  Nitronic  33  stainless  steel 
to  corrosion  in  environments  representative  of  those  found  in  a  pre¬ 
stressed  or  reinforced  structure  is  superior  to  the  corrosion  resistance 
of  the  carbon  steel  that  has  been  shown  to  give  satisfactory  performance 
in  marine  structures. 


RECOMMENDATIONS 

1.  The  design  drawings  should  be  carefully  reviewed  to  insure  that 
adequate  cover  Is  provided  over  all  of  the  Nitronic  33  stainless  steel. 

3.  Construction  and  construction  inspection  criteria  should  be 
developed  for  the  facilities  constructed  using  Nitronic  33  stainless 
steel . 

4.  In  service  inspection  methods  and  criteria  should  be  developed  for 
facilities  constructed  using  Nitronic  33  stainless  steel. 

5.  Maintenance  and  repair  methods  and  criteria  should  be  developed  for 
facilities  constructed  using  Nitronic  33  stainless  steel. 

6.  Selected  test  exposures  of  Nitronic  33  should  be  continued  to 
support  the  recommended  methods  and  criteria  efforts  and  to  obtain  long 
term  performance  data  on  Nitronic  33  stainless  ...  teel. 
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Figure  8.  Tolerance  of  Nitronic  33  stainless  steel  and  carbon  steel 
to  ion  migration. 
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Figure  9. 


Tolerance  cf  Nitronic  33  stainless  steel  and  carbon 
steel  to  ion  migration 


E 


456 


!  53s  v 


Potential  (vs  SCE)  Potential  (vs  SCE) 


Time  (hr) 

Figure  10.  Corrosion  potential  versus  time  for  carbon  steel  at  a 
closed  crack. 
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Figure  11.  Corrosion  potential  versus  time  for  Nitronic  33 
stainless  steel  at  a  closed  crack. 
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